It is unclear how frequently life and intelligence arise on planets. I consider a Bayesian prior for the probability P ETI that intelligence evolves at a suitable site, with weight distributed evenly over ln(1 − ln P ETI ). This log log prior can handle a very wide range of P ETI values, from 1 to 10 −10 122 , while remaining responsive to evidence about extraterrestrial societies. It is motivated by our uncertainty in the number of conditions that must be fulfilled for intelligence to arise, and it is related to considerations of information, entropy, and state space dimensionality. After setting a lower limit to P ETI from the number of possible genome sequences, I calculate a Bayesian confidence of 18% that aliens exist within the observable Universe. With different assumptions about the minimum P ETI and the number of times intelligence can appear on a planet, this value falls between 1.4% and 47%. Overall, the prior leans towards our being isolated from extraterrestrial intelligences, but indicates that we should not be confident of this conclusion. I discuss the implications of the prior for the Search for Extraterrestrial Intelligence, concluding that searches for interstellar probes from nearby societies seem relatively effective. I also discuss the possibility of very small probabilities allowed by the prior for the origin of life and the Fermi Paradox, and note that similar priors might be constructed for interesting complex phenomena in general.
INTRODUCTION
Of course we are not alone. We now know the Earth is but one of billions of planets in the Galaxy, and the Milky Way is but one of billions of galaxies (Johnson et al. 2010; Cassan et al. 2012; Petigura et al. 2013; Zackrisson et al. 2016) . Intelligent life arose on Earth through natural processes. Since the laws of physics and astrophysical environments of galaxies are basically uniform through the observable Universe, there's no reason why analogous processes could not happen on other planets. Self-organization is a very general phenomenon capable of generating the complexity required by life (Kauffman 1995) , and life appeared early in Earth's history, suggesting its ubiquity (Lineweaver & Davis 2002; Ward & Brownlee 2004) . Intelligence may also be common: our biosphere is filled with examples of convergent evolution (Conway Morris 2003) , and several clades of animals demonstrate cognition and even tool use (e.g., Marino 2002; Emery 2006; Hochner et al. 2006) . Even if the odds of it happening on a particular planet are one in a trillion, billions of other societies have evolved over the Universe's history (Frank & Sullivan 2016) .
Of course we are alone. With a benign astronomical astrobrianlacki@gmail.com environment and rare geological processes, the Earth is a far better long-term home for life than a typical terrestrial planet (Gonzalez et al. 2001; Conway Morris 2003; Ward & Brownlee 2004 ). Even simple proteins or selfreplicating nucleic acids are enormously complex; the odds of a planet generating functional molecules that assemble themselves into a working cell may be beyond astronomically tiny (Yockey 2000; Conway Morris 2003) . Even if life did appear on another planet, human-like intelligence is a very specific adaption to the very specific pressures that the ancestors of Homo sapiens experienced. So many adaptions occurred on the way that it is unlikely that sequence of influences will recur if things were slightly different (Simpson 1964; Gould 1989; Mayr 2001) . And in fact, most organisms get along fine without intelligence; prokaryotes form the great majority of living things (see Whitman et al. 1998 ). There's no good reason to believe that our intelligence is anything common if our own biosphere is anything to go by (Simpson 1964; Mayr 2001; Lineweaver 2009 ). These are, in broad strokes, a priori arguments for and against there being extraterrestrial intelligence (ETI) in the observable Universe.
1 It is clear that there is an Lacki astronomical number of rocky, terrestrial planets in our past light cone where life and intelligence could develop, roughly ∼ 10 21 (Zackrisson et al. 2016) . The number of planets is known to around an order of magnitude, but it is unfortunately useless unless we know the odds that intelligence actually does arise on a planet -for all we know, it could be 10 −100 or smaller, in which case we are effectively alone. On the other hand, there is no well-motivated estimate for that probability. Even granting that Homo sapiens is unlikely to recur, there could be many ways for intelligence to arise (as in Gould 1987; Ćirković 2014) , and a planet has millions and millions of chances to find even one. Our uniqueness in Earth's biosphere might indicate that probability of intelligence evolving is much less than 1 (e.g., Mayr 2001; Lineweaver 2009 ). But our uniqueness on Earth, by itself, is about equally compatible with the probability being 0.01, 10 −10 , 10 −20 , 10 −100 , and 10
−10
9 , values which would have very different implications for how populated the Universe is. Ideally, the matter could be settled empirically, which is the aim of the Search for Extraterrestrial Intelligence (SETI; Cocconi & Morrison 1959; Tarter 2001) .
SETI has sought evidence for extraterrestrials through many programs and an increasing number of methods, from the traditional surveys for radio broadcasts (e.g., Tarter 1985; Blair et al. 1992; Horowitz & Sagan 1993; Anderson et al. 2002; Gray & Ellingsen 2002; Siemion et al. 2010) , to searches for laser light (Shvartsman et al. 1993; Reines & Marcy 2002; Howard et al. 2004; Hanna et al. 2009; Borra 2012 ), high energy radiation (Harris 2002 ; see also Learned 1994; Corbet 1997; Lacki 2015) , extraterrestrial technology in the Solar System (Freitas 1983; Steel 1995) , artificial "megastructures" the sizes of planets (Arnold 2005; Wright et al. 2016; Boyajian et al. 2016) or star systems (Slysh 1985; Timofeev et al. 2000; Jugaku & Nishimura 2004; Carrigan 2009; Villarroel et al. 2016) , and the engineering of entire galaxies (Kardashev 1964; Annis 1999; Wright et al. 2014a; Griffith et al. 2015; Zackrisson et al. 2015; Lacki 2016) . But so far, no alien societies have been found yet, and there is no consensus about what that means (Brin 1983; Ćirković 2009 ). Do extraterrestrials exist P ETI is proportional to f l f i in Drake's equation (described in Sagan 1963; Tarter 2001, among others) , but also depends on the number of "birthsites" per planet. A species that actually develops this technology is called a technological society in this work. Throughout this paper, I largely ignore cultural evolution (the fc factor of the Drake equation), but in principle it could be the limiting factor in whether SETI will find anything (Ashkenazi 1995; Davies 2010) . Even then, one could use a log log prior for fc since there are a finite number of distinct societies according to the Bekenstein Bound. but remain too quiet to be observable yet (e.g., Freitas 1985; Scheffer 1994; Haqq-Misra & Baum 2009 ), or would they rapidly grow until they become obvious even across cosmic distances (as in Hart 1975; Tipler 1980; Wright et al. 2014b )?
The Anthropic and Copernican Principles
In the absence of hard evidence, the debate has occasionally turned to philosophical arguments. It is indisputable that life with human-like intelligence exists in the form of humanity. As with the SETI null results, the interpretation of even this trivial positive result is disputed. The debate frequently centers around two principles: the Anthropic Principle and the Copernican Principle.
The Anthropic Principle essentially says that our existence or situation is somehow inevitable, regardless of how special or improbable we are (Carter 1974) . The most commonly invoked version is the Weak Anthropic Principle, which applies if the Universe is very large. The Weak Anthropic Principle can be formulated in terms of observations, as a statement about inference: we cannot deduce the probability of our evolution just from our existence. Our situation could be very special (but not unique) and still be consistent with observation. In statistical terms, as long as the probability of intelligent life evolving is nonzero, the likelihood of it existing in an infinite Universe is 1. The inferential Weak Anthropic Principle is also interpreted as a statement about selection bias (Carter 1974 (Carter , 1983 .
The Weak Anthropic Principle can also be stated in in terms of theoretical predictions, as a statement about causality: in a sufficiently big Universe, the appearance of humanity somewhere is to be expected, even if the probability of that happening in a particular location is very low but non-zero. The conditions necessary for our evolution may just be one of the special, rare events that occasionally happen in an infinite Universe.
There are stronger versions of the Anthropic Principle, which apply not just to the contingent circumstances within the Universe, but to the fundamental laws of physics themselves (Carter 1974; Barrow 1983) . The most extreme formulations argue that conscious observers or humanity play some crucial role in the functioning of the Universe. These versions imply that the Universe is actually compelled to produce us, and it would be logically impossible for the Universe to exist without us (Barrow 1983) . This is in contrast with the causal Weak Anthropic Principle, in which the probability of our not existing in an infinite Universe has measure 0; the impossibility in the Weak case is merely statistical rather than logical. As such, stronger Anthropic Principles say that humanity is truly special in terms of function or role, not just in terms of being rare, and they are far more controversial.
In tension with the Anthropic arguments is the Copernican Principle. The fundamental argument of the Copernican Principle is that we are not in a special location of the Universe, as demonstrated by centuries of astronomical observation (e.g., Sagan 1994) . More generally, we should assume that our circumstances are not special (as in its controversial application by Gott 1993) . As far as we can observe, the Earth, Solar System, and Galaxy are fairly typical in astrophysical terms; other bodies like them should be common throughout the Universe. After all, they are the result of natural processes that could occur anywhere. The Copernican Principle is related to the Principle of Mediocrity: in the absence of information, we are more likely to find ourselves in a typical situation than a rare one (e.g., Brin 1983; Vilenkin 1995) .
Even if the evolution of intelligent life is extremely rare, we can still hold to a weaker argument that I will call the Weak Copernican Principle. The Weak Copernican Principle states that our evolution is the result of physical processes that have a non-zero probability of occurring independently elsewhere in the Universe. If one accepts a naturalistic view of evolution, this may seem trivial, but it is not. It is logically possible for a class of events to have probability measure 0: for example, one could flip a fair coin infinitely many times and get only heads.
The Weak Copernican Principle is also technically distinct from the causal Weak Anthropic Principle, even if they both imply our existence is expected in a large enough Universe. The Weak Copernican Principle implies the evolution of intelligence at a suitably distant location is independent of our evolution. In contrast, one could imagine that the evolution of intelligence on one planet somehow makes it impossible for it to evolve anywhere else in the Universe. For example, the Universe might be a computer simulation which is designed to randomly place life on one and only one planet. This could still be consistent with the Weak Anthropic Principle, as long as the probability of life appearing the first time is large enough. On the other hand, the Weak Copernican Principle doesn't say that our evolution is inevitable; it still applies if the chance that life evolves around a star is 10 −100 and there are only 10 stars in the Universe.
In some sense, it is clear that both the Anthropic and Copernican arguments are partly true. The Weak Anthropic Principle is true in that most of the Universe's volume is not filled with intelligent life forms, even if every planet is habitable. For that matter, the other planets in our Solar System and the Sun are unfit for human habitation; this was not clear a few centuries ago (Crowe 1999) . The Copernican Principle is true in that there are planets besides the Earth, and solar systems besides our own. Just a few decades ago, it was an open question if exoplanets existed at all or if the Solar System was the result of an improbable stellar event (Dick 1998) , and the existence of other planets was also unclear a few centuries ago. Now the problem is to figure out how to extrapolate these principles beyond the evolution of stars and planets to the evolution of life and intelligence.
The question of priors
The philosophical debate about the existence of aliens can be understood as a debate about priors. In Bayesian probability theory, a prior is a subjective judgment about how much one believes in a hypothesis before an observational test is done. Given a continuously varying parameter α, the prior dP prior /dα takes the form of a probability distribution function (PDF) over the allowed values of α (Trotta 2008) .
When new evidence arrives, Bayes' theorem describes how the prior can be transformed into a posterior describing subjective levels of belief after considering evidence from an observation (Trotta 2008) :
Bayes' theorem requires the likelihood L(Hypothesis|Observation) = P (Observation|Hypothesis), which is the probability that one would make a given observation if the hypothesis is true. The likelihood can frequently be estimated theoretically for a well-characterized model and a well-understood experiment. In addition, Bayes' theorem requires an evidence factor P (Observation), which is a normalizing factor. It basically is the probability that one would make an observation according to a prior, including the cases where the hypothesis is true and where the hypothesis is false. For the continuous parameter α, Bayes' theorem is phrased as
Although the choice of prior is subjective, the Principle of Mediocrity is a general guiding principle. It says that, in the absence of evidence, we should assume that no particular value is special, and therefore we should favor no value over another (Trotta 2008) . Otherwise, if all of the prior weight is concentrated into a few hypotheses, we effectively assume whichever hypothesis we wish to prove. Then even if evidence strongly points towards an alternate hypothesis, we essentially ignore it and cling to the old theory (for example, the "Presumptuous Philosopher" thought experiment recounted in Bostrom &Ćirković 2003) . For a continuous parameter, the prior should not be too strongly weighted towards one value, which is fulfilled if it is flat. Note that a flat prior for a parameter α does not remain flat if the variable α is transformed, such as if we then consider ln α. If α might have values that vary over orders of magnitude, a logarithmic prior that is uniform in ln α (flat log prior) seems like a reasonable choice, since it has no scale. (e.g., Trotta 2008; Spiegel & Turner 2012; Tegmark 2014) . Different conclusions are reached if different facts of our evolution are emphasized as representative. The timescales for our evolution is a common source of speculative reasoning. The idea is that a habitable planet has some unchanging chance of producing intelligent life in a unit of time, Γ ETI . This is appropriate if the appearance of intelligence depends on a process that is independent of history, like an evolutionary process generating certain key traits through a random walk (Carter 1983) .
Life appeared quite early in our planet's history, which would not be typical if life arose through such random processes (Γ life ≪ 10 −10 yr). Lineweaver & Davis (2002) interprets this observation as evidence that life arises quickly on planets and is common (as in Ward & Brownlee 2004) , but others argue that intelligence can only arise if life appears early and this atypicality could be an anthropic bias (Hanson 1998) . The choice of a prior on Γ life also affects whether meaningful constraints are then set on Γ life (Spiegel & Turner 2012) . Behroozi & Peeples (2015) applies an analogous argument on cosmological scales, arguing for a large Γ ETI large because the Earth formed before most of the Universe's virialized gas had a chance to collapse into planets.
On the other hand, Carter (1983) noted that the timescale for humanity's evolution is close to the habitable lifespan of the Earth. He essentially interprets this observation according to a flat log prior in the evolutionary timescale. Of all the many orders of magnitude this timescale could have been, it is unlikely to have matched the Earth's lifespan so closely, so he interprets the coincidence as the result of anthropic selection; the expected timescale is much longer, and intelligent life is very rare. Furthermore, using a simple model of evolution, he argues that the timing is related to the number of unlikely steps that occurred along the way of our evolution (Carter 1983; see also Hanson 1998; Carter 2008; Davies 2010) .
But this argument too has been disputed; Cirković et al. (2009) argues that astrophysical extinction events like gamma ray bursts can slow down the actual time it takes for intelligent life to evolve even if the unimpeded timescale is fairly short. It's also possible that a critical evolutionary step is directly tied to the sun's properties (Chyba & Hand 2005) . Livio (1999) suggests the critical step is the development of an ozone layer, which is related to the photodissociation of atmospheric water vapor into oxygen; this process is only efficient for blue stars no more long-lived than the Sun.
It's also possible that the evolution timescale is not the relevant factor, because the evolution of life is constrained by earlier arbitrary events. For example, it is unlikely that a life form will greatly change the genetic code mapping amino acids to DNA nucleotide sequences; the cost is too great as it risks turning all of the genes into gibberish (Crick 1968) . But this code was set very early in the development of life. If the appearance of intelligence depended on having a particular genetic code (compare with Conway Morris 2003), then whether it evolves on a particular planet could have little to do with the time available.
By itself, this wouldn't explain the coincidence between the Sun's lifetime and the time for humanity to evolve, but one could imagine that events very early in life's evolution launches it on a nearly fixed course that predetermines whether and how long until intelligence appears. If there's a small chance that this trajectory leads to intelligence appearing in 10 Gyr, a much smaller chance that intelligence appears in 1 Gyr, a much smaller chance that it appears in 100 Myr, and so on, most intelligence would appear near the end of their planet's lifespan, without depending on the presence of discrete evolutionary barriers along the way.
In a recent book, Tegmark (2014) presented a relatively simple argument that suggests that we are alone. The probability that intelligent life P ETI arises on a given planet is unknown, even at an order of magnitude level, so we can adopt a prior that is uniform in log 10 P ETI . If log 10 P ETI is between −21 and 0, then we are not alone. But we have no reason to set −21 as a lower limit; given our ignorance, it could easily extend to −100 or further. Because of the huge range in log 10 P ETI allowed by our ignorance, relatively little weight is left to be spread over the range of −21 < log 10 P ETI < 0, so this reasonable prior indicates that we are likely alone in the observable Universe (Tegmark 2014) . 2 This telling is slightly altered from its presentation in Tegmark (2014) . The first difference is that the book focuses on a flat log prior in the distance to the nearest alien society, although a flat log prior in P ETI is given as the motivation. The fundamental quantity is the probability that intelligence evolves on a world, and the number of worlds tracks comoving volume. The logarithm of the comoving distance is not proportional to the logarithm of the comoving distance if space is slightly curved. Second, Tegmark (2014) applies the Fermi Paradox (described in Hart 1975; But this argument has a problem -the lower bound is left undefined, which can lead to strange results. Fundamental physics implies that there are at most ∼ e 3×10 122 configurations for the observable Universe (Egan & Lineweaver 2010 ), so we might take log 10 P ETI = −10 122 as a lower bound. Unfortunately, this prior then makes it essentially impossible to convince its holder that aliens exist, since the prior probability for their presence in the observable Universe is ∼ 10 −122 . Besides requiring an extremely high level of statistical confidence before concluding a positive result is correct, it is essentially impossible to rule out the possibility of systematic errors to that degree. Even for a well characterized experiment, you could always decide that the evidence is always fraudulent, or that you are hallucinating. While such possibilities are unlikely, can you really be sure that they are more unlikely than 1 part in 10 122 ?
1.3. Introducing the log log prior A fundamental disagreement in estimates of P ETI is the number of conditions that are required for intelligent life to evolve. Suppose there are N conditions that must be fulfilled for aliens to appear, and for simplicity, each is independent of each other and the probability of each holding is 1/2. Then P ETI = 2 −N : so if N = 1, P ETI = 1/2; if N = 10, P ETI = 1/1, 024; if N = 100, P ETI ≈ 10 −30 and so on. If N is uncertain at the order of magnitude level, then even the order of magnitude of P ETI is also uncertain at the order of magnitude level. This accounts for the vast disagreements about P ETI : an optimist who believes that only a few conditions are relevant can end up thinking that P ETI ≈ 1, while a pessimist that believes that thousands of conditions need to be fulfilled can find combinatorially small estimates of P ETI ≪ 10 −1,000 . The notion of an uninformative prior thus suggests that we should use a prior for the number of conditions that is constant in log N (e.g., Trotta 2008) . This translates to a prior that is constant in log | log P ETI |. The advantage of this prior is that it can handle scenarios where N is allowed to range up to ∼ 3 × 10 122 , the entropy of the Universe (with P ETI ≈ e −3×10 122 ), while remaining responsive to any future evidence that aliens exist.
Outline and conventions
1980) to rule out −10 log 10 P ETI < 0, closing the window for which aliens could exist in the observable Universe. But systematic uncertainties can blunt null results, and the prior weight in this window could be so low for the log prior that applying the Fermi Paradox has insignificant value.
The loose motivation for the log log prior is developed further in more quantitative terms in Section 2. The concepts of entropy, information, and state space dimensionality play key roles. I discuss some problems that arise when trying to formulate a log log prior and apply it. I also provide a simple model of a SETI experiment to demonstrate the prior's response.
The Bayesian credibility that ETIs exist in our past light cone is calculated in Section 3. I use various estimates of the entropy of biological systems and their environments to establish a lower limit to P ETI for a planet. I also describe what happens if we consider smaller birthsites, to allow for the possibility that intelligence evolves off of planets or can evolve many times on a planet.
In Section 4, I evaluate SETI surveys according to how much of the prior's weight they might constrain. Then I discuss some additional problems and implications of the log log prior in Section 5: (1) In a small Universe, one can construct a joint prior on the Universe's size and P ETI , complicating the weighting. (2) The log log prior suggests that the diversity of intelligent species is beyond astronomically vast. (3) The small probabilities considered for P ETI raise the issue if there's a similarly small probability that intelligent life is starfaring, which would neutralize the Fermi Paradox. (4) A log log prior might be useful for estimating credibility in the rates of any complex phenomenon, including life itself. I conclude the paper with a summary (Section 6).
I use the values of the fundamental constants and cosmological parameters listed in Table 1 throughout this paper. Olive et al. (2015) . I use the H0, Ω b , and Ωm from Ade et al. (2015) (the "TT, TE, EE+lowP+lensing+ext" column of Table 4 ). The value of Ωr is calculated under the assumption that only the Cosmic Microwave Background contributes to the cosmic radiation density, and that it has a temperature 2.725 K (Fixsen 2009 ). I assume ΛCDM cosmology with ΩΛ = 1 − Ωm − Ωr.
This paper discusses both Bayesian probability, our confidence in a hypothesis, and frequentist probability, an inherent property of stochastic processes in the Universe. Although both can appear together in Bayes' equation, they are very different in meaning. To help distinguish them, I will use the symbol P for Bayesian probabilities and P for frequentist probabilities. The most common of each symbol is P crowded , the Bayesian credibility assigned to the hypothesis that there are aliens in our past light cone, and P ETI , the frequentist fraction of birthsites that evolve intelligent life. This paper also makes combinatorial arguments about the multitudes of ways of combining a number of objects or traits. I use N or ℓ to enumerate physical things or properties which are actually present in the Universe, like the number of planets in our past light cone or the number of amino acids in a protein. For the number of possible combinations of these objects, almost all of which will never be realized within the observable Universe, I use N . Finally, I use S for physical, measurable entropy and S for unitless Boltzmann-like entropies.
A QUANTITATIVE FORMULATION OF THE
LOG LOG PRIOR
Finding aliens in state space
Intelligent life is generated when certain circumstances apply at a given birthsite. A birthsite is an independent opportunity for ETI to evolve presented by a complex system that serves as a habitat.
3 The probability that a birthsite leads to intelligent life is P ETI . For example, a habitat may be a planet, and a birthsite may just be the planet's existence or specific events in the planet's history, like a speciation. In the latter case, P ETI may be multiplied by the rate that birthsites occur to find Γ ETI , how often a habitat produces ETI.
Habitats are very complicated. The number of possible states of a system grows exponentially with the number of independent parameters needed to describe it. The immense variety is often conceptualized as a state space Ω, with each independent condition corresponding to an entire dimension of the space. Each possible state is a point in the space; because of considerations from fundamental physics, I shall assume that the spaces are discrete and finite (Bekenstein 1981; Bousso 2002) , with N all points in total. Each combination is a microstate of a system, and the volume of a subset is given by the number of points inside it. There are many possible state spaces that could describe the evolution of a habitat: the Hilbert space of quantum wavefunctions of the Universe, a planet, or an organism; sequence spaces enumerating every possible genome (the "Library of Mendel" of Dennett 1995) 4 , protein (Maynard Smith 1970) , or combination of alleles in an organism (Kauffman 1995) ; and morphology spaces describing the basic shapes of proteins (Dill 1999 ) or organisms (Conway Morris 2003 Ćirković 2014) . Each microstate has some probability assigned to it.
Only some states of a habitat host ETIs. Judging from the lack of technological societies during most of Earth's history, only a small region Ω ETI of a habitat's state space includes these states. Many more microstates of a habitat could lead to the generation of intelligent life during the habitat's lifetime. These are included in a region Ω gen . One can consider the union of N gen microstates contained in Ω gen to be a kind of macrostate. Note, however, that this macrostate does not need to be connected in state space, and it might be much coarser or finer than thermodynamic macrostates. One can define a Boltzmann-like entropy for Ω gen :
which can range between 0 and S all = ln N all . If each microstate is equally likely, then the probability that a birthsite will generate intelligence is the probability that it starts out in Ω gen :
The fundamental quantity here is the difference in entropy. If, however, microstates have differing probabilities, then the probability P ETI of starting out in Ω gen cannot be calculated simply by counting states and its accompanying Boltzmann entropy. To complicate matters further, "entropy" usually refers to Gibbs (Shannon) entropy for physical systems or information sources (Pierce 1960) . This is smaller than the Boltzmann entropy and quantifies the mean amount of information one needs to determine a system's microstate. Gibbs entropy makes no reference to macrostates (Carroll 2010) and is not directly related to P ETI either. To simplify matters, I assume that the Boltzmann entropy provides a useful lower bound estimate P min ≡ e −S all for P ETI . It provides a natural cutoff for the log log prior.
Almost all state spaces that can be imagined to describe biological or ecological systems have a vast number of dimensions. Wandering into the state neighborhood of the present Earth is essentially impossible in the exponentially larger spaces. Indeed, the sheer size of state space is so great for some biological processes, like protein folding, that it sometimes seems puzzling that life can survive at all (some proposed solutions include Maynard Smith 1970; Kauffman 1995; Dill 1999) . Since it is exponentially unlikely a planet would resemble Earth in all details that might affect the evolution of humanity's technical abilities, maybe P ETI is exponentially suppressed. That is, Ω ETI might be too small of a target to ever hit on a random trajectory through state space (Ćirković 2014 describes Simpson 1964's argument in this way).
But these arguments include a number of assumptions that have been disputed. First, humanity is not necessarily the only possible kind of intelligent life. There could be a nearly endless variety of species that can develop interstellar communication, in which case Ω ETI and Ω gen are far larger than the small neighborhood around the Earth's current state (Gould 1987; Ćirković 2014) . Along these lines, many of the details that describe a birthsite could be completely irrelevant -this is clear when we consider the Hilbert space of quantum wavefunctions for the entire Universe. Each irrelevant detail expands Ω gen exponentially. Second, it's possible that the microstates in Ω gen are vastly more likely than typical microstates. Complex systems frequently include great attractor basins that channel virtually all trajectories towards them (Kauffman 1995) . As long as this evolution completes while the habitat survives, Ω gen could include basins that span Ω. Finally, many of the microstates might actually be impossible (Conway Morris 2003) . For example, not all genetic sequences correspond to viable organisms (Dennett 1995) . The evolution of the habitat could be constrained strongly to remain in an Earth-like region (Bieri 1964; Conway Morris 2003) . The state space would be ripped by great holes where nothing could wander; less a fitness landscape and more a fitness tunnel.
With the number of relevant parameters itself uncertain, even to order of magnitude, I suggest that we adopt a flat log log (double log) prior for P ETI :
This prior has several interpretations. Even if there are not easily observed independent parameters that determine whether intelligence evolves, equation 5 can describe uncertainty in the number of "extra" dimensions in the state space. As seen in equation 4, the log log prior corresponds to a flat log prior in the entropy difference of Ω gen . The log log prior also describes a flat log prior in the amount of information one needs to know about a birthsite before confidently concluding that it will generate an ETI. And, in fact, all of these are uncertain to order of magnitude. Why use a flat log entropy difference prior instead of a flat log entropy prior, though? A conceptual problem with a log entropy prior is that one can always add irrelevant details to the description of a system, inflating its information content. The actual value of P ETI does not depend on these nuisance parameters, but the state space nonetheless expands exponentially. And while Ω gen also grows exponentially, this is not reflected in a naive log entropy prior. In fact, a log-entropy prior is less responsive than a simple log-probability prior: if dP prior /dS gen ∼ 1/S all , then dP prior /d| ln P ETI | = 1/[(S all + ln P ETI ) ln S all ] < 1/ ln S all . For a concrete example of the difference between a log entropy difference prior and a log entropy prior, imagine −10, 000 ≤ ln P ETI ≤ −1. The log entropy difference prior, which is what I use in this paper, places equal weight on the possibilities that −10, 000 ≤ ln P ETI ≤ −1, 000, −1, 000 ≤ ln P ETI ≤ −100, −100 ≤ ln P ETI ≤ −10, and −10 ≤ ln P ETI ≤ −1. In contrast, the log entropy prior places equal weight on the possibilities that −10, 000 ≤ ln P ETI ≤ −9, 999, −9, 999 ≤ ln P ETI ≤ −9, 990, −9, 990 ≤ ln P ETI ≤ −9, 900, −9, 900 ≤ ln P ETI ≤ −9, 000, and −9, 000 ≤ ln P ETI ≤ −1. Clearly, the log entropy prior inappropriately favors incredibly small chances for ETIs arising.
The log log prior makes sense if all the microstates have equal probability, or if Ω gen is disproportionately likely, but what if Ω gen is some kind of repulsor state, disproportionately unlikely? Then maybe P ETI could be arbitrarily small, even zero in defiance of the Weak Copernican Principle, leading to the same kinds of problems that haunted the log prior. I do not believe this is a realistic possibility, at least if thermodynamic entropies Lacki are used for P min . A fundamental assumption of statistical mechanics is that the thermodynamic microstates of closed, equilibrium systems are equiprobable (Nash 2006) . We might therefore expect technological societies, including ours, to appear by random thermal fluctuations in any sufficiently large heat bath -perhaps the ocean of a lifeless planet, the photon background of the early Universe, or the horizon of a black hole. The Universe itself has an event horizon that appears as a heat bath. In the distant future it may evolve into an equilibrium of some sort, perhaps with occasional macroscopic fluctuations and equiprobable microstates (Albrecht 2015) . Then, the entropy of the observable Universe bounds the probability of Ω gen . Using the cosmic entropy still results in a responsive prior because of the weak dependence on S all in equation 5.
Additionally, the inhabitants of these fluctuation societies would be Boltzmann brains, with memories and "knowledge" that do not actually correspond to the actual Universe (the implications for cosmology are discussed in Albrecht & Sorbo 2004 and many others). Unless our experiences are almost certainly phantasms, our evolution as we remember it must be far more likely than thermal fluctuations. This implies that ln P ETI is far bigger than −S all for a heat bath big enough to create a Boltzmann brain.
The log log prior, as given in equation 5, is timeless, in that it makes no reference to the time it takes intelligence to evolve in a habitat. If we consider planets as habitats, it is like saying that either planets do not evolve ETIs at all, or they evolve it in 4.5 billion years. This might make sense if we assume that planets start in one side of state space and launch their biospheres on a ballistic trajectory through state space; after all, ETIs are unlikely to be the first life forms on a planet. But it might be the case that P ETI depends on how long a habitat is hospitable, which would definitely be the case if the trajectory jumped randomly throughout state space. In that case, the number of birthsites should scale with time -perhaps each individual organism is a birthsite. In reality, there may be a whole multitude of ways durations affect P ETI , with astronomical conditions being nearly unchanging while biological conditions are capable of changing quickly. For simplicity, I mainly ignore this time evolution, but I do present an upper bound on the number of temporal birthsites in Section 3.5. The log log prior is only weakly sensitive to the number of birthsites.
By itself, the log log prior does not take into account the observation that we exist. If the Universe is small, having relatively few birthsites, and if our existence is due to random chance, then one could update the prior with the Anthropic observation. Although I consider the possibility of a small Universe in Section 5.1, for the rest of the paper, I assume the Universe is essentially infinite, in accordance with many currently proposed cosmologies. Then the likelihood of our existence is 1, as noted by the causal Weak Anthropic Principle, and the resulting "posterior" is the same as the original prior.
I use natural logarithms for the log log prior in equation 5, but this choice is somewhat arbitrary. Unlike the log prior, the choice of logarithm base b does affect the integrated probability that P ETI lies in some range. Conceptually, the base of logarithm describes the inverse probability that a parameter has the right value for an ETI to appear. It can also describe the width of a state space along one dimension. For a genome sequence space, there are 4 possible nucleotide bases at each location, so b = 4 might be more appropriate; for a protein sequence space, there are 20 possible amino acids at each location, so b = 20 might be more appropriate. But the dependence on b is very weak, and the possible variety of alien biologies makes even these suppositions uncertain, so I just use b = e throughout the paper.
Finally, equation 5 does not handle well cases where P ETI ≈ 1. Strictly speaking, a pure log log prior places infinite weight on P ETI → 1, since | ln 0| = ∞. For simplicity, I will define a parameter
that has a finite value even when P ETI = 1. Throughout this paper, I will then use a log-Π prior
which is essentially identical to equation 5 for small P ETI , but leaves some moderate weight on the possibility that P ETI ≈ 1. This quick fix hides conceptual issues about what a birthsite is, though. A potential birthsite we consider could actually produce a great number of intelligent species: this can easily happen if we consider too large of a site, like an entire galaxy supercluster. If the limiting factor in the appearance of ETIs is the origin of life, it's also entirely possible that life arises many times on a planet. Then we may need to either consider much smaller birthsites or place more weight on P ETI ≈ 1. The problem is especially insidious for the origin of life case since only one biosphere may emerge from all of the independent kinds of life, or so it may appear to distant astronomers (c.f., Davies et al. 2009 ).
If we are unsure whether the deciding factor for P ETI is the origin of life or the evolution of intelligence, there may not even be a clear definition of birthsite to use.
2.2. The probability that we are "alone"
If there are an infinite (or very large finite) number of birthsites, then the Weak Copernican Principle virtually guarantees that ETIs exist elsewhere. In that sense, of course we are not alone (Wesson 1990) .
But it does not do us much good if our nearest neighbors are outside the observable Universe. The only ones we can learn about must be within our past light cone. In order to be visible, the ETIs must also have arisen after the Big Bang, at a reasonably low redshift (say, 10 9 ). In bouncing or some inflationary cosmologies, there may be ETIs in a previous universe, but these are presumably hidden; in fact, a version of the Fermi Paradox implies that evidence of technological societies can only survive for a finite time (Tipler 1982) . There are then only a finite number N LC of birthsites within this volume besides Earth; if terrestrial planets are assumed to be the birthsites, then N LC ≈ 4.9 × 10 20 (Zackrisson et al. 2016) .
I shall say that we live in a crowded Universe if there are other intelligent life forms within our past light cone sometime between z = 10 3 and z = 0. In contrast, I will say that we are isolated if there are no other intelligent life forms in this region of spacetime. As long as the birthsites evolve basically independently of each other, and ignoring the time it takes for ETIs to evolve, the probability that we are isolated for a particular P ETI can be found using the binomial distribution:
The prior probability that we are isolated,
does not have an obvious closed form expression, but it is can be approximated to a precision of a few percent as
thanks to the triple exponential. 5 I use this approximation throughout this paper. The probability that we live in a crowded Universe is
A quantitative demonstration
Here is an example demonstrating how the log log prior is responsive when the log prior is not because of systematic errors.
5 Roughly speaking, y ≡ P (isolated|P ETI ) ≈ exp(−N LC P ETI ) changes from 0 to 1 over a range of ∼ |dΠ/dy| y=0.5 = 3/(1.4 + ln N LC ) in Π.
Suppose we believe that the minimum chance life can arise on a planet is 10 −10 100 . According to the log log prior, dP loglog /dΠ = 1/ ln(1 + 10 100 ln 10) = 1/231 (the thick, dashed, black lines in Figure 1 ). According to a flat log-prior, dP log /d ln P ETI = 1/(10 100 × ln 10), so in terms of Π, dP log /dΠ = e Π /(10 100 × ln 10). As seen in the left panel of Figure 2 , the log prior's weight (thick, dashed, black lines) varies by ∼ 100 orders of magnitude over the range of possible P ETI . Compared to the log log prior, it concentrates almost all of this weight near the minimum possible P ETI . For all possible values where the Universe is likely to be crowded, dP log /dΠ ≈ 10 −100
(right panel of Figure 2 ). Now imagine a survey that observes N survey = 10 10 planets and is able to determine if they ever possessed intelligent life. (Note that, in reality, most societies might be long dead by the time the planets are observed.) The survey is reported to have found N report planets that have hosted ETIs. Due to systematic errors, N report need not be N host , the actual number of planets observed that have hosted aliens. Instead, whatever N host actually is, a glitch causes N report to be reported with a probability of ε, while the correct N host is reported with probability 1 − ε. This glitch can give a false positive, a false negative, or even accidentally leave N report unchanged. The likelihood of the reported observation is
where L binomial (N report |N survey , P ETI ) is the likelihood that N report planets of N survey host ETIs given some P ETI value according to the binomial distribution. The binomial distribution likelihood is given by
The posterior PDFs for P ETI then follow from Bayes' Theorem (equation 2). The posteriors that result from using the log log prior when N report = 1 and 0 are shown on the left and the right of Figure 1 . Generally, for the N report = 1 case, the posterior has a spike near P ETI ≈ 10 −10 , whereas there is a steep drop at this point for the N report = 0 case. When there are no systematic errors, with ε = 0, these are the only features (solid black lines). Increasing systematic errors (grey through red lines) add a floor of posterior weight. These errors suppress the probability spike when the positive detection is reported, because of the normalization term in Bayes' Theorem.
Would these results convince us that P ETI was near 
10
−10 if N report = 1? This is determined by the posterior cumulative distribution function (CDF),
which determines how much of the posterior weight is below a Π value. These functions are shown for N report = 1 in Figure 3 (left panel). The shaded regions represent credibility intervals containing 50% and 90% of the posterior weight. If ε is small enough, the CDFs reach ∼ 1 within the shown range, indicating that we would conclude that a detection was correct. If ε is large, 10 −4 , however, the spike in the posterior PDF merely adds a small step to the CDF that does not breach the credibility intervals; our opinion on P ETI is not changed much from the original log log prior. The cumulative increase in the CDF over the "spike" is nearly
Because N report ≪ N survey , the survey actually could rule out high values of P ETI : this is seen as the steep cliffs in the CDF when ε is small. If ε is large, though, the survey does not rule out large P ETI , since these could be false negatives. This is the gist of arguments against the Fermi Paradox, which apparently rules out other technological societies in the Milky Way's history, but depends on uncertain assumptions about alien behavior -we might assign some moderately high probability ε to the possibility that they all stay on their home planets, or that their presence would be undetectable, blunting the paradox. Another example of this is seen in the right panel, which shows the CDFs for N report = 0.
If there are no systematic errors, the log prior responds to the evidence well (solid black line in Figure 2) , showing a similarly sharp spike near P ETI ≈ 10 −10 for N report = 1, but systematic errors wash away these features rapidly. When the systematic errors are as small as ε = 10 −100 (dotted grey line), the spike seems basically unaffected, but the prior weights for other P ETI are not exponentially suppressed. This indicates that some posterior weight has already been lost from the spike. In fact, when the CDF is calculated, it climbs only to a value of 0.3 in this region (Figure 4 ) -we would conclude that P ETI is most likely far below 10 −10 . Decreasing ε to 10 −101 actually makes the detection credible (dotted magenta line, inset), if not secure. But no real survey could rule out systematic errors to this degree, if only because of the possibility of fraud or outright hallucination. Increasing ε to only 10 −90 already suppresses the spike's amplitude by a factor of 10 10 (blue lines). The CDF now plateaus at an insignificant value of 10 −10 . While in a relative sense, this is still much greater than the prior CDF value of ∼ 10 −100 , it still amounts to disregarding the results in an absolute sense. The stiffness of the log prior only grows with ε. When ε = 10 −10 , which might be a very conservative estimate for a real study, the CDF plateau has subsided to a mere 10 −90 . As with the log log prior, the errors also blunt null results. The CDF for large P ETI falls proportionally to ε 10 −100 , though it hardly matters since the CDF was only ∼ 10 −100 to start with. In this scenario, the null result is entirely redundant; one is far more committed to the prior conclusion that there are no aliens in our past light cone than to any data.
While this demonstration uses an extremely small P min , it shows that the log log prior responds to both positive and negative results, avoiding a potential pathology of the log prior. As noted above, actual surveys would need to account for their efficiency at detecting any ETIs who have ever lived. In addition, the use of a single ε is a very simplistic model. More realistically, one might use some function to assign the probability that N host host planets will be reported as N report detections.
ESTIMATES OF P crowded
The entropy of finite systems, and so the log log prior has a reasonable cutoff for P min . The ultimate upper bound on entropy is set by the cosmological constant; there are only finitely many possible states for an observable Universe. It is unlikely that every last particle in every last galaxy needs to be precisely arranged for intelligence to evolve on a planet, though, motivating more stringent bounds on the entropy. The entropy of a biosphere is limited by the amount of mass near a planet's surface, and it may be sufficient for a single intelligent organism to appear, in which case the entropy is bounded by the mass of an organism. Finally, we can dispense with thermodynamic entropy altogether, since it mostly measures variations on the molecular level, and consider more abstract biological properties.
By default, I will assume that "birthsite" refers to a terrestrial planet. From the Earth's example, a biosphere grows until it permeates the surface and ocean of a planet, filling essentially all habitable volume. If the evolution of intelligence is constrained by global properties of the biosphere -like which kinds of life prevail -then a planetary biosphere is an appropriate choice for a birthsite. But if the evolution of intelligence is constrained by a few local events, we should consider smaller, more numerous birthsites. These sites can be individual sites for the origin of an ancestral protocell, or individual speciation events of intelligent species. I set some upper limits on the number of possible birthing events in Section 3.5. Note-The birthsite types considered are terrestrial planets around F, G, and K dwarfs (FGKTPs), terrestrial planets (TPs), comets (C), and the maximum number from the Margolus & Levitin (1998) bound (Max).
Cosmological bounds on entropy: A lower bound on P crowded
The Weak Copernican Principle follows from considerations of fundamental physics that limit the entropy of the observable Universe. These limits require no assumptions about biology, and presumably could be developed by alien societies living in environments very different from the Earth. The Bekenstein bound proposes that a weakly gravitating, isolated system has a maximum entropy of
where E is the mass-energy of the system and R is the radius of a sphere that can fully contain it (Bekenstein 1981) . The covariant version of the bound is more general and limits the entropy along null surfaces extending from the boundary of any region that fulfills some general conditions (Bousso 2002) . The observable Universe as a whole can be bounded by its cosmic particle horizon (CPH) and cosmic event horizon (CEH), which can serve as these null surfaces. The particle horizon surrounds every location in space that has ever been in the past light cone of the Earth. The proper distance of the particle horizon at a time t is
where a(t ′ ) is the scale factor of the Universe at a time t ′ (e.g., Davis & Lineweaver 2004) . Then the covariant Bekenstein bound limits the entropy along the past light cone the CPH to less than (Bousso 2002 )
According to the standard ΛCDM cosmology, the observable Universe also has an event horizon that surrounds every location in spacetime that can send a signal that will ever reach the Earth. The proper distance of the cosmic event horizon at a time t is (as in Davis & Lineweaver 2004 ):
Event horizons, including the CEH have a maximal entropy, which is (Gibbons & Hawking 1977; Egan & Lineweaver 2010 )
The CEH entropy, 2.9 × 10 122 k B , dwarfs the entropy of everything else contained within the observable Universe (as noted by Egan & Lineweaver 2010) .
As long as dark energy is stable, the entropy of the observable Universe can never be much greater than the present S CEH . Therefore, we can use S CEH /k B for a maximum value of the dimensionless entropy, S cosmic . Then, according to the log log prior, the probability that we are not isolated is 1.4% (Table 2 ). The odds highly favor our being isolated, but not to the point that it is an absurd hypothesis.
Since the log log prior could have been developed before there was compelling evidence for the cosmological constant, or by aliens living in the distant past or future, the log log prior is guaranteed to have a reasonable cutoff only if ln S cosmic doesn't vary too much with the cosmology. The evolution of S CEH for the ΛCDM cosmology is plotted in Figure 5 as the solid black line. Its value is stable into the indefinite future, and ln S CEH is only ∼ 10% smaller 1 year after the Big Bang. The particle horizon (solid blue line) could have been used to set more constraining limits on ln S cosmic in the distant past, but will not be an effective limit in the distant future. If the smaller of both horizons is chosen, the horizon entropy evolution only affects ln S cosmic by ∼ 20%.
If dark energy is not a cosmological constant, the future evolution of the cosmic event horizon will be dramatically different. Phantom dark energy (w < −1) results in the event horizon collapsing as the Universe's scale factor approaches infinity in a finite time. Unless w is minutely more than −1, the collapse affects ln S CEH at the factor of 2 level only very close to the end (less than 1 Myr). It is unlikely that an ETI would evolve in this narrow window. If dark energy is quintessence (−1 < w < −1/3), R CEH stalls at its current radius for a short time, but ultimately starts growing linearly with time (dotted black line in Figure 5 ). The value of ln S CEH does not exceed twice its current value for over 10 40 years, but it does grow without limit. It is possible that all baryonic matter will have decayed by then (the effects of hypothetical proton decay are described in Adams & Laughlin 1997 among others), so there will be no ETIs drawing wildly divergent conclusions, but the estimate is clearly not perfectly robust.
Until relatively recently, cosmologies without dark energy were plausible. These cosmologies lack an event horizon, so the particle horizon would be the only limit to the cosmic entropy. The dashed blue lines in Figure 5 show the evolution of the particle horizon entropy in open and flat cosmologies without a cosmological constant. Its value is basically the same as in ΛCDM until the present and continues growing quadratically with time into the distant future. Like the event horizon in quintessence cosmology, ln S CPH grows slowly, remaining within a factor of two for over 10 40 years but never stabilizing. The horizon entropy is therefore not a robust limit on ≫ 10 100 year timescales in these cosmologies, if anybody is around then.
The CPH may also be much bigger than the radii I calculate here. In inflationary theories, comoving regions much larger than the observable Universe were once in our past light cone and fell out of contact due to a period of exponential expansion (Harrison 1991) . For ΛCDM cosmology, the CEH should still bound the entropy of the Universe, but it would be an issue if dark energy decays away or if the Universe didn't have it in the first place. Krauss & Scherrer (2007) questioned whether observers living in the distant future of our Universe would even be able to derive ΛCDM cosmology (see also Rothman & Ellis 1987) . Red dwarf stars can shine for over a trillion years, so it is conceivable that ETIs will evolve in these late times on planets around these stars (Loeb et al. 2016; Stevenson 2013 discusses the geological difficulties in maintaining habitability for that long). Since all distant galaxies would have vanished beyond the event horizon by then, observers might conclude that there is nothing beyond their own host galaxy, which is sitting in an otherwise empty Universe. Although they would know of no cosmic horizons, these observers could still apply the Bekenstein bound to limit the entropy in a sphere that safely contains their galaxy. In that way, they would derive a ln S cosmic that is not too different from ln(S CEH /k B ).
While fairly robust, the cosmological entropy bounds are greatly overpowered. Most of the degrees of freedom in the Universe play no role in the evolution of life or intelligence, and can be neglected. More realistic estimates of ln S cosmic lead to higher estimates of P crowded .
The thermodynamic entropies of habitats and P crowded
Actual organic life is made of chemical matter with far less entropy than allowed under Bekenstein's bound. Common materials found in Earth's biosphere have an entropy of about 1 k B per baryon, as shown in Table 3 (Lodders & Fegley 1998) . The actual specific entropy is a few times larger for lightweight gases like molecular hydrogen, and smaller for complex molecules. Since living things are mostly made of and live in liquid water, with an entropy of 0.47 k B per baryon, I use 1 k B per baryon as an upper estimate for their entropy.
6 The maximum dimensionless entropy of an organism or ecosystem of mass M is then approximately Lodders & Fegley (1998) . The phases are (g) for gases, (l) for liquids, (s) for solids, and (a) for solutions in water.
I consider three possible systems that might need to evolve in order for an alien society to exist: a planet's biosphere, an individual organism, and a single protocell.
Biological species evolve in response to their planetary environment. They also depend on their environments for sustenance. Technological societies capable of interstellar communication require access to great amounts of 6 This is smaller than the Bekenstein bound by a factor of R/(1 fm); the Compton wavelength of a nucleon is 1 fm. materials and energy. The maximum number of external factors in the planetary environment that could contribute to the evolution of an alien society is given by the chemical entropy of their host biosphere. On the Earth, most of the biosphere lives in the hydrosphere, which has a mass of 1.7 × 10 24 g (Lodders & Fegley 1998) . The entropy of the hydrosphere and its environment is at most 4 × 10 47 k B , which I round up to give a fiducial value of S biosphere = 10 48 . I then find P crowded is 3.5% (Table 2) . Of course, the evolution of an organism does not depend on every degree of freedom in the biosphere, most of which describe minute arrangements of individual, distant molecules. The number of possible organisms is limited by the entropy of an individual, suggesting this provides a more realistic lower limit on the probability that a planet will produce a given organism. Since a human body has a mass of ∼ 100 kg, with an entropy of ∼ 6×10 28 k B , I adopt a fiducial value of S organism = 10 29 for individual organisms. This entropy bound gives a P crowded of 5.8% (Table 2 ). Finally, it is possible that the rate limiting step for the evolution of ETIs is the origin of life itself. The origin of life has been hypothesized to be an extremely rare event requiring a precise combination of molecules (e.g., Conway Morris 2003; Yockey 2000) . I assume that the worst case is that an entire protocell must be generated from a thermal fluctuation. A protocell is presumably no more massive than a modern prokaryote, ∼ 5×10 11 amu, from the mean carbon mass of a prokaryote multiplied by 10 to include its water (Whitman et al. 1998) . Again I round this up to the next power of 10 and arrive at a maximum protocell entropy of S protocell = 10 12 . The resulting log log prior estimate for the probability that we are not isolated is 14% (Table 2) .
It is unlikely that the probability an organism evolves on a planet is as small as implied by its chemical entropy. Thermal fluctuations in the planetary environment are expected to produce organisms at least that often, subject to the availability of materials and internal energy. P ETI is as low as these P min if we appeared as thermal fluctuations; in effect, we would be Boltzmann brains. While that's possible under the laws of physics, the memories of Boltzmann brains are unreliable since they are also the result of the random fluctuations rather than actual life of the organism. All of our knowledge, including that leading to the conclusion that we arose from random fluctuations, would then be completely unrelated to the external world, so adopting this conclusion is self-defeating (as in cosmology, Albrecht & Sorbo 2004) . On a philosophical basis, we probably have to assume the likelihood we exist is much greater. The Boltzmann brain problem does not apply to the protocell entropy estimate, however. It does not matter if the internal state of a protocell reflects its his-Lacki tory, as long as its descendents include sentient beings with memories that are reliable.
Since the number of possible living beings is limited by the entropy of an individual organism, is there any point to using the biosphere and cosmic entropy estimates? While they almost certainly overestimate the number of relevant factors, they are in a sense more robust, since organisms are not closed thermal reservoirs. Not all microstates are equally likely, since an organism can self-correct and radiate away "errors" into the surrounding environment (as in Lloyd 2000) . For example, one could imagine the natural state of an ecosystem is an ocean filled with just one species of cells that have no mutations because they use error correction mechanisms. In order for multicellular organisms to appear, some external factor would have to disrupt this ecosystem. Or consider our own planet: in most microstates, there is no widespread life. Yet, life will continue to thrive on the Earth despite the smaller number of microstates where this happens, barring some catastrophe inflicted from the outside, because the Earth is not a closed system. In addition, microstates can be blocked because of energetic barriers that prevent certain chemical reactions.
Life also needs certain elements in order to exist. Conserved quantities like electric charge cannot be altered by thermal fluctuations. The amount of each element in a biosphere is also effectively conserved. A pure water ocean that contained no carbon could not give rise to life. Although it is hypothetically possible to form necessary elements through pycnonuclear reactions, these rates are very slow (Adams & Laughlin 1997) . The limited lifespan of a planet without the necessary elements for life would have a much smaller P ETI than implied by S organism . Finally, if chemicals are dilutely spread throughout an ocean, they must be concentrated into a small region in order to form into an organism.
At the very least, one would probably have to consider whether the astrophysical environment of a planet is compatible with life. Of course, most of the microscopic details of the sun are irrelevant for life, and the amount of extra entropy introduced by fine tuning the star's bulk properties is insignificant compared to the chemical entropies. After all, life must be robust to survive, and not easily killed because of some minor thermal fluctuation in the sun.
While these problems are unlikely to occur in practice, they provide a philosophical basis for using the larger entropy estimates as very conservative limits on S all .
3.3. The entropy of the human genome: A best estimate for P crowded A common line of argument against the existence of aliens is that it is unlikely that Homo sapiens would evolve on a different planet (Simpson 1964; Mayr 2001; Lineweaver 2009 ). The probability that this would happen is bounded by the number of possible species of DNA-based organisms, assuming DNA-based organisms are fairly common. A species can be defined by its genome, and the amount of information defines a genetic entropy. The genetic entropy S genome provides the most reasonable bound on S all , as long as life frequently arises on planets (more often than 1 in e Sgenome ). The genome of a DNA based organism consists of a sequence of ℓ bp base pairs, each of which is either adenine, cytosine, guanine, or thymine (uracil when transcribed into RNA) on one strand of the DNA. The other strand of the DNA then usually has thymine, guanine, cytosine, or adenine, respectively. The human genome has 3 × 10 9 base pairs (Venter et al. 2001; Abdellah et al. 2004 ). The DNA is interpreted according to a genetic code, with each three letter combination of base pairs (codon) corresponding to an amino acid. These amino acids are assembled into proteins according to the sequence of codons in the genome (Crick 1968) . Earth life mostly uses 20 amino acids, and two codons are reserved to signal the starting point and ending point of a gene. However, many other amino acids exist; the genetic code that arises on different planets could map any codon to any amino acid, leading to vastly different organisms from the same DNA sequence.
The genome entropy of Homo sapiens is given by
with N sequence being the number of possible DNA sequences with a length ℓ bp , N codes is the number of possible genetic codes, P length is the probability that an organism has a genome with length ℓ bp , N expression is the number of possible ways to express genes in all the cells of the body, and N individual is the number of possible DNA sequences that are part of a typical species. Almost all of the entropy derives from the information in the DNA sequences themselves. If each base pair is chosen independently, the number of possible sequences is given by ln N sequence = ℓ bp ln 4 = 4 × 10 9 ,
which is 4 × 10 9 for Homo sapiens. If there are N amino amino acids that can be assigned randomly and independently to triplet base pair codons, the number of genetic codes is given by ln N codes = 4 3 ln N amino .
Even if N amino is ∼ 1, 000, and extraterrestrial genetic codes have > 4 nucleotides (Baross et al. 2007 ) and > 3 base pairs per codon (e.g., Anderson et al. 2004 ), the genetic code entropy can be ignored. The length of the genome of a human-like organism is bounded to ≪ 10 13 simply by the number of baryons in a typical cell (from the cell counts in Bianconi et al. 2013) . As a worst case, if each possible length between 1 and 10 13 is equally likely, P length = 10 −13 . Therefore, the length of the genome makes an insignificant contribution to S genome .
The behavior of a cell can vary greatly depending on how the genes encoded in the DNA are expressed. Different combinations of gene expression lead to different types of body cells. Suppose an organism contains N celltypes types of cells, and its genome includes N genes genes that can be in N switch states. Then the number of possible combinations is given by ln N expression = N celltypes N genes ln N switch .
The human body starts from N celltypes = 1 type of cell, the zygote, and grows into an adult with at least 411 distinct cell types (Vickaryous & Hall 2006 ). The genome codes N genes ≈ 2.2 × 10 4 genes (Abdellah et al. 2004) . A value of N switch = 2 is enough for an enormous diversity of cell expressions, as noted by Kauffman (1995) . I will use ln N switch = 1 as a generic value, but even if N switch = 1, 000, ln N switch would increase by only a factor of ∼ 7. These values imply that ln N expression ≈ 2 × 10 4 -9 × 10 6 , a ∼ 0.2% correction on the genetic entropy that I neglect.
To estimate the number of possible individuals in a species, I assume that a fraction ̟ of the base pairs in an individual's genome can differ from some baseline sequence. This fraction measures the genetic variability in a species. I ignore any considerations of where those variations may occur in the genome; an individual is part of a species as long as there are ≤ ̟ℓ bp differences from the baseline sequence. Each mutation can be to one of 3 base pairs. Thus, the number of possible individuals is
Humans today have relatively little genetic diversity, with ̟ 0.1%, but this is a lower limit on the possible diversity within Homo sapiens (Li & Sadler 1991; Sachidananam et al. 2001 ). An upper limit on ̟ comes from the divergence of the human genome from the genomes of chimpanzees and bonobos, which is ∼ 1.2-1.3% (Mikkelsen et al. 2005; Prüfer et al. 2012 ). I adopt a value of 1%, so that ln N individual 0.067×(3× 10 9 ) = 2 × 10 8 . This is a minor correction to ln N sequence that I ignore.
The human body is home to trillions of microbes (Sender et al. 2016) , each potentially having its own genome. Some of these microbes may be vital to the body's functions (Turnbaugh et al. 2007 ). I ignore their contribution, though, since working out which ones are needed and the distinctiveness of their genomes is far beyond the scope of this work.
If the entropy is capped at S genome = 4 × 10 9 , the log log prior implies that there is an 18% chance that we are not isolated. This is my best estimate -more likely than not, we are alone in the observable Universe, but the possibility that aliens exist within our past light cone is a reasonable one.
The proteome entropy and generous estimates for P crowded
The genes coded in DNA represent proteins, which actually are responsible for most biological functions. The great majority of the DNA is non-coding (Abdellah et al. 2004) , however, and so might not affect the organism's traits. Instead, the phenotype of an organism may be dependent on its proteome, the collection of proteins encoded in its genes and the ways those proteins are expressed in its cells (Wilkins et al. 1996) . I make higher estimates of P crowded from the proteome entropy.
We can calculate the proteome entropy as
where N proteins is the number of different proteins possible, N coded N genes is the number of proteins coded into the genome, and N expression is the number of gene expression patterns. The proteins, which are first synthesized as chains of amino acids, can be enumerated: ln N proteins = ℓ protein ln N amino ≈ 500 ln 20.
About 3.4 × 10 7 base pairs in the human genome code protein sequences, for a mean gene length of ∼ 1, 500 base pairs, or a mean protein length of ∼ 500 amino acids (Abdellah et al. 2004 ). With 22, 000 genes, and assuming 1 protein per gene (although this ratio is probably larger in practice; Wilkins et al. 1996) , there are up to exp(3.3 × 10 7 ) possible combinations of proteins possible for a proteome the size of ours. I previously found 2×10 4 -9×10 6 for ln N expression , so the proteome entropy is dominated by the first term.
The proteome entropy of S proteome = 3.3×10 7 is about 1% of S genome , as might be expected since ∼ 1% of the human genome codes proteins (Abdellah et al. 2004) . Using this value slightly raises P crowded to 22%, leaving the basic conclusion of the previous section unchanged.
Even more abstractly, it's possible that only the basic shape of a protein matters for its function, not the actual sequence of amino acids in the proteins (Dill 1999; Dryden et al. 2008 ). The actual number of possible shapes N shape seems to be quite low: Lau & Dill (1990) proposed a reduced sequence space with ∼ 10 20 possible varieties, and Dill (1999) argued that there are perhaps ∼ 10 10 functionally distinct structures. The actual number of basic shapes might be a few thousand for a protein domain, where most proteins are built out of just a few of these domain units (Rose et al. 2006 ). I will consider an extremely low value of N shape = 1, 000. In addition, patterns of gene expression still add ln N expression . Following this line of thought,
Lacki
This most liberal estimate leads to P crowded values of 33%. The protein shape entropy should be regarded as highly speculative, since it ignores all actual chemistry. In principle, there could be a phenotype entropy describing the combinations of possible body traits while ignoring everything on the biochemical level. If the phenotype entropy is small enough, the Universe being crowded is favored by the prior; S phenotype = 100 implies P crowded ≈ 84%, for example. Using it requires a way to enumerate "body traits", which is beyond the scope of this work. The trait list would also have to be finegrained enough to not simply assume that intelligence is common (c.f. the "skeleton space" in Conway Morris 2003): equation 4 assumes the worst case is that each combination of traits is equiprobable, which is clearly not the case if the only trait we consider is "has a big brain". Also, a phenotype entropy would apply only if complex multicellular organisms evolve frequently, or if the state space includes a lot of parameters describing individual cell morphologies, to account for the probability that single-celled organisms do not evolve into complex multicellular life forms. Lastly, for phenotype entropy to be useful, the evolution of intelligence must not depend on any of the details of the organism's biochemistry.
What if birthsites are much smaller than planets?
Both N LC and S all affect the calculated P crowded . Although I have been assuming that the birthsites for ETIs are the entire histories of whole planets, that may not be appropriate.
Within the Solar System, the moons Europa, Titan, and Enceladus are fairly widely considered to be possible habitats for life (Chyba & Hand 2005; Lammer et al. 2009; Lunine 2009 ). In addition, liquid water oceans plausibly existed (or still exist) in the larger icy moons and Kuiper Belt objects (Hussmann et al. 2006) . Habitable regions may have existed in large carbonaceous asteroids early in the Solar System's history, making them a conceivable, but remote habitat for life (Abramov & Mojzsis 2011) . Dyson (2003) has even proposed that non-Earthlike life could evolve in the Kuiper Belt. All of these worlds in principle could raise the number of world habitats in the Solar System to dozens, although they may have too little free energy or insufficient materials to support complex life (Lammer et al. 2009) .
A very generous estimate could be that every body in the Solar System that is at least ∼ 1 km wide is a possible birthsite. By number, most of these bodies are comets in the Oort Cloud, where there are perhaps ∼ 10 13 of them (e.g., Weissman 1996). To extrapolate this estimate to other star systems, I assume that the number of comet birthsites scales with the mass of the host star: a stellar population of mass M ⋆ hosts N LC = 10 13 (M ⋆ /M ⊙ ) birthsites. As shown in Table 2 , including all comets as birthsites raises P crowded somewhat, to 1.5% to 36%. This slight increase comes from the fact that N LC increases from ∼ 10 21 ≈ 10 10 1.3 to ∼ 10 33 ≈ 10 10 1.5 . But this apparent optimism comes with a price: about 3/4 of the weight in P crowded now comes from scenarios where more than one ETI arises per star system. About half of the weight is for P ETI 10 −4 , for which our Solar System would have hosted 10 8 species of intelligent life. This is in dire contradiction with the null results of SETI and the lack of evidence for widespread interplanetary migration. The prior probability that the Universe is crowded but the Solar System is not, with 1 ETI arising per M ⊙ of stars, is reduced to a few percent.
If the main bottleneck for the appearance of intelligence is the origin of life, the number of birthsites might increase vastly further still. It could be that every pool, every rock, every bubble provides an independent opportunity for the origin of life. When the chance of aliens evolving is just the chance of any life appearing at all, every new chance for abiogenesis must be considered a birthsite.
Additional birthsites may also be located at different times in the Solar System's evolution, not just different places. As the Sun expands into a red giant, many of the outer icy worlds will become warm enough for surface liquid water oceans (Lopez et al. 2005) . Titan, especially, may evolve from a world that could host hypothetical methane dwelling life-forms to one hosting completely independent water dwelling life-forms (Lorenz et al. 1997) . A world can also host many birthsites, with multiple chances to play out life's evolution, if mass extinctions devastate it frequently and if the bottlenecks occur late in evolution (Ćirković et al. 2009 ). Early in the Earth's history, life may have arisen many times after being repeatedly destroyed by impacts (Sleep et al. 1989) . If the development of ETIs requires a particularly robust kind of life prevailing in the biosphere, then Earth may have had several opportunities to develop it.
The highest estimate for the number of birthsites in the Universe is provided by the Margolus & Levitin (1998) (ML98) bound, a limit on how fast the quantum state of a system can change. This is a necessary requirement for any kind of dynamics, including biological processes. We can divide the Universe at any given moment into subsystems which may serve as birthplaces for life: these can be as large as the entire observable Universe or as small as individual baryons. According to the ML98 bound, the rate of dynamics is limited to Γ M ≤ 2∆E/h, where ∆E is the average difference between the internal energy of the system and its ground state energy (Margolus & Levitin 1998) . Then the number of birthsites in a region of spacetime is found by integrating each system's Γ M over its volume and adding them together. Since Γ M is linear in energy, the total number of birthsites is directly proportional to the amount of internal energy in the region. For cold systems like planets and stars with masses of M , ∆E < M c 2 . Within the past light cone, the baryonic birthsite number is below
where D C (z) is the comoving distance of an object observed at redshift z along the past light cone and ρ
3 +Ω r (1+z) 4 ) is the comoving baryonic density (Hogg 1999) .
The values for P crowded now range from 2% to 47% (Table 2) , about twice the values expected for terrestrial planet birthsites. The relatively limited effect is because 10 120 is still only ∼ 10 10 2 , compared to the P min values of 10 −10 5 or less; ln ln 10 120 isn't much bigger than ln ln 10 21 . If birthsites did not interfere with each other, then virtually all of the weight in P crowded is for scenarios where there is more than one intelligent species per terrestrial planet, as with the cometary birthsite case. In fact, of the crowded Universe scenarios, about half of the weight is for P ETI 10 −10 , naively implying ∼ 10
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ETIs per planet. The prior probability that the Universe is crowded but not every planet is packed with intelligences is just ∼ 0.1%. But interaction between birthsites can reduce the number of intelligent species that actually appear on a planet. Even if life originates a great number of times on a world, only one biosphere may result, either through merger and symbiosis or elimination and competition. One can also consider more restrictive definitions of birthsites. Zackrisson et al. (2016) estimates that most terrestrial planets orbit red dwarfs. The habitable lifespan of such planets might greatly exceed the age of the Universe (Stevenson 2013) , and their P ETI values may include intelligences that won't evolve for tens of billions of years. If one only considers those orbiting F, G, or K dwarfs to be potential habitats, then the number of birthsites falls to N LC = 2 × 10 19 . While the resulting P crowded values are slightly smaller, the decrease is of order ∼ 0.3% (total) or ∼ 3% (relative) ( Table 2 ).
A note on small probabilities
The probabilities considered for P min defy our normal intuitions, being vastly smaller than the probabilities of many situations that seem to violate common sense. Rare astronomical phenomena, like nearby gamma-ray bursts, are not so rare compared to these kinds of odds. Likewise, whatever the odds are for panspermia, the transfer of life between planets, they are probably high enough that its entropy cost is relatively small (e.g., Napier 2004; Worth et al. 2013) . A transfer of life from Mars to Earth already is a widely considered possibility (e.g., Davies 2003) , but transfers between the Earth and the outer Solar System, across interstellar space, or passing back and forth between the inner planets a hundred times would not dent the protocellular entropy.
By itself, this does not mean panspermia is likely -if life is equally likely to arise and thrive on the Earth as the other worlds, then it probably started here. But if other worlds were much more conducive to forming life for some reason, these greater probabilities could easily offset the low probability that life would survive a transfer between a distant world and the Earth. For example, Lunine & Nolan (1992) hypothesized that Triton had a thick hydrogen atmosphere shortly after its capture by Neptune, a bit like the simulated atmosphere in the Urey-Miller experiment (see Chyba & Hand 2005) . If that chemical environment increased the probability of a limiting step from 10 −200 on Earth to 10 −100 , for example, a Triton origin for life would not be so implausible.
Or we can go much further. One issue that makes chemical evolution difficult is that the synthesis of different chemicals favors different environments, and the reaction products tend to interfere with one another (Conway Morris 2003; Baross et al. 2007 ). That difficulty might be evaded by placing the production sites far away from each other, even on different planets (c.f., Conway Morris 2003, quoting a thought experiment by Robert Shapiro). Maybe on early Earth there was a pool that formed ribose, and it just so happened that a meteorite from a planet in a different star system delivered uracil to the pool, and coincidentally a meteorite from a guanine planet landed at the same time in the same pool, and coincidentally a meteorite from an adenine planet landed there too, and coincidentally that's when a meteorite from a cytosine planet landed there, allowing these ingredients to mix into RNA. It sounds silly, but if there are such planets, this scenario is still probably more likely than a protocell arising through thermal fluc-tuations. As the probability falls, the number of bizarre paths to life increases, and it becomes essentially impossible to prove that there's only one thermodynamically unlikely way for life to arise.
THE REACH AND GRASP OF SETI SURVEYS
The log log prior can inform judgments about which SETI surveys are effective. While in principle we cannot conclusively say that we're isolated until we thoroughly check every habitat in our past light cone, we can be fairly convinced even if we check a fairly small fraction of them, simply because it's unlikely that P ETI happens to lie very near N −1 LC . Instead, we simply have to constrain most of the prior's weight before our opinion changes much -that is when the posterior will start to diverge from the prior.
SETI surveys observe N targets targets and look for some trace of a technological society. However, it's important to distinguish between the reach of a survey and its grasp. In this discussion, reach measures how many targets it observes, regardless of the survey efficiency. I define the weighted reach as the weight assigned to hypotheses where P −1 ETI ≤ N targets . For how much prior weight would the survey find a society if all societies that ever evolved left a detectable trace? This can be estimated as
The maximum possible R is 1. Grasp, as I define it, is how much of the prior weight could be ruled out if nothing is found:
The posterior P posterior crowded is then (1 − G)P prior crowded after a null result. The likelihood here is the estimated probability that at least one society will be found for a given value of P ETI . It is different from reach because not all ETIs necessarily leave an observable trace. First, we usually are uncertain about whether ETIs leave a given trace at all. This uncertainty is systematic. For example, whether or not aliens can build megastructures is uncertain; if megastructures are completely impossible, we will never find any no matter how many targets we search or how big P ETI is. In analogy with Section 2.3, let ε trace be the subjective probability that aliens never leave a trace visible to the survey.
Second, there is a statistical factor η that measures the detection efficiency of a survey. This factor might be parameterized as η = η visible η time , where η visible is the actual fraction of societies that ever leave a given trace and η time is the fraction of the traces ever produced that would be visible now. The former factor could actually be greater than 1 if societies replicate by interstellar travel, although it increases the survey's grasp only if the progenitor society would not have been visible in the original survey (Brin 1983) . The latter factor is roughly the ratio of the trace's lifespan and the Universe's age. An analogy can be made with Drake's equation: η visible corresponds to f c , the probability that an intelligent species forms a communicative society, and η time corresponds to the lifetime of the society. Note that a trace's lifetime may not equal the society's lifetime -either because the artifacts outlast the society (Corbet 1997; Carrigan 2012) , or because the society is visible only for a short phase of its existence (Sagan 1973) . After accounting for these factors,
remembering that ε trace = 0 means complete certainty that some intelligent lifeforms leave an observable trace and ε trace = 1 means the possibility is too far-fetched to consider. Plugging in the log log prior,
if ηN targets 1. Note that if ηN targets ≫ 1, G depends very weakly on η -systematic uncertainties are far more effective at reducing the grasp. It's possible to construct more advanced models, where the ε trace factor is replaced by some prior over possible values of η.
The grasp requires subjective assessments that are beyond the scope of the paper, but the weighted reaches of SETI surveys is easy to calculate. These are listed in Table 4 . According to the log log prior, the first few orders of magnitude provide more weight than the rest. With the fiducial number of terrestrial planet birthsites, R = 0.5 is achieved in a survey of 700 (1, 700) stars (F, G, or K dwarfs) expected to host 400 (300) terrestrial planets. Thus, according to the log log prior, if the Universe is crowded, we expect the nearest remains of intelligent lifeforms to be in the Milky Way (R = 0.8). Additionally, an examination of just one world beyond Earth effectively has a weighted reach of order ln[1 − ln(1/2)] = 0.1, as long as it is a potential habitat. Carrigan ( Note-The intra-Galactic surveys typically report the number of stars they observe, whereas the extragalactic surveys report the number of galaxies examined or are distance limited. To convert into the number of birthsites, I use the present-day stellar mass function from Table 1 (comoving) from Baldry et al. (2012) . When only the number of galaxies observed is given, I assume that all of the galaxies have the stellar mass of the Milky Way, 5 × 10 10 M⊙ (as quoted in Zackrisson et al. 2016) . Then, according to Zackrisson et al. (2016) , there are 0.064 terrestrial planets per M⊙ of F, G, or K dwarfs (FGKTPs), and 1.5 terrestrial planets per M⊙ of F, G, K, or M dwarf (TPs) for this IMF. The number of cometary (C) birthsites is 10 13 per M⊙ of stellar population mass. I compute the number of maximal (Max) birthsites directly from the stellar population masses, not attempting to include non-stellar mass or exclude non-planetary mass, and I use stellar ages of 12 Gyr (except for the Solar System). a I count Mercury, Venus, and Mars as the terrestrial planets, excluding Earth because of anthropic bias. For the number of maximal birthsites, I use an age of 4.56 Gyr. b META was an all-sky survey for narrowband radio emission (Horowitz & Sagan 1993) . The "types" of beacons refer to Kardashev (1964) 's scale. These reaches apply for radio beacons that radiate continuously and isotropically. For Type 0 and Type I beacons, Horowitz & Sagan (1993) estimates the number of "Sun-like" stars that could have been detected. I take this to mean the number of F, G, and K dwarfs, and I convert it into a total stellar mass. For Type II beacons, I extrapolate from the given range of 22 Mpc. c Siemion et al. (2013) used the Green Bank Telescope to look for artificial radio emission from 86 Kepler field stars known to have exoplanets. I assume each of these stars hosts 1 terrestrial planet. d STACEE, a Cherenkov gamma-ray telescope, observed Solar-like stars in the HabCat catalog while waiting for optimal times to observe its main target. Because it detects gamma rays through the Cherenkov light their particle showers produced, it is sensitive to optical flashes characteristic of laser light (Hanna et al. 2009 ). e HRMS was a canceled microwave SETI project that aimed to observe 1, 000 Solar-like stars. Project Phoenix, a private successor project, used a catalog of 2, 000 stars and observed about 200 per year (Turnbull & Tarter 2003) . f Earth 2000 was a dedicated optical SETI project that targeted Solar-like stars (Howard et al. 2004 ).
g The HabCat is a selection of Solar-like stars that are intended to be examined by radio SETI surveys (Turnbull & Tarter 2003) . h Kepler searches for natural exoplanets by detecting flux variations when they eclipse their host star, but it could detect transiting artifical structures too (Arnold 2005) . Of the 150,000 highest priority stars observed, about 140,000 are F, G, K, or A dwarfs (Batalha et al. 2010) . KIC 8462852 undergoes anomalous eclipses, demonstrating that unusual transits could be noticed in the Kepler photometry (Boyajian et al. 2016 ; an artificial explanation was noted in Wright et al. 2016 ). i Carrigan (2009) examined sources in the IRAS catalogs to see if they were Dyson spheres within the Milky Way.
The survey should have been sensitive to a volume including 10 6 Solar-like stars, from which I extrapolate the stellar population mass. j The Fermi Paradox is frequently phrased as a limit on the number of societies that have arisen in our Galaxy from the lack of starfarers in the Solar System. k Annis (1999) verified that 137 galaxies lied on the Tully-Fisher relation. If their stellar populations were mostly cloaked in Dyson spheres, they would be optically faint for their stellar mass. l Zackrisson et al. (2015) looked for outliers on the Tully-Fisher relation among 1, 359 galaxies.
m TheĜ project examined extended sources in the WISE catalog for mid-infrared thermal emission from galaxies with stars cloaked in Dyson spheres. Griffith et al. (2015) found no galaxies with ≥ 85% of their starlight captured by Dyson spheres, with a projected reach of 10 5 galaxies. n The Galaxy Zoo project is not associated with SETI, but in principle it could search for galaxies with anomalous morphologies that might result from cosmic engineering. Volunteers have inspected about 10 6 galaxies (Lintott et al. 2011) . o Lacki (2016) searched the Planck Catalog of Compact Sources 2 for microwave thermal emission from Type III societies that have shrouded entire galaxies behind cold screens. p Olson (2015) sets limits on the number of Type III-IV societies expanding through the cosmos from their nonpresence in the Milky Way. As an example, I use a comoving volume calculated from the mean limit on R1, for the non-catastrophic evolution model with an expansion speed of 0.3c.
Radio and optical surveys for societies like our own have significant reaches. The stars in the HabCat list of SETI Institute targets, for example, have a weighted reach of ∼ 0.6 (Turnbull & Tarter 2003) . Furthermore, these modes of communication are feasible even with our own level of technology, at least for reaching the nearest stars (e.g., Howard et al. 2004; Loeb & Zaldarriaga 2007) . The problem with these methods is their grasp. It is possible that most societies self-destruct while young, or that they are interested in communicating with societies like our own for a very short time window (Sagan 1963 (Sagan , 1973 Bates 1978) . Since our own society is so young, we cannot rule out that η time ≈ (100 yr)/(10 Gyr) ≈ 10 −8 , for example. This concern has been voiced for decades in the context of the lifespan in Drake's equation (Sagan 1963) . Even a facility as powerful as the Square Kilometer Array may not be sensitive enough to detect radio transmissions from societies like our own (Forgan & Nichol 2011) .
Surveys for alien megastructures and societies that rate Type II or III on Kardashev (1964) 's scale have very high reach. The recentĜ survey has a reach of ∼ 0.9 (Griffith et al. 2015) . Similar reaches are achieved by surveys for Type II radio beacons (Horowitz & Sagan 1993 ) and very cold waste heat from Type III societies (Lacki 2016) , and from the observation that intergalactic travelers are not here (Olson 2015) . Furthermore, Type III societies are presumably long-lived simply because it takes so much time to cross a galaxy and engineer it (Kardashev 1985; Wright et al. 2014b; Zackrisson et al. 2015; Lacki 2016) . But the grasp of such surveys is very uncertain. Megastructures are huge extrapolations from our technology, and require astronomical investments. Thus, there is a high systematic uncertainty to their existence, a large value of ε trace . If we estimate ε trace = 0.5, these surveys can have less grasp than one confined to the Milky Way with ε trace ≈ 0 and η ≈ 1.
An ideal survey would search for traces of technology on par with our own that survive for a long time. It need not have a maximal reach to have a competitive grasp. Arguably, these conditions are fulfilled by a search for interstellar probes that may exist within the Solar System. These probes may be very efficient forms of communication simply because they last so long, having a large η time (Bracewell 1960; Freitas 1983 estimates survival times of ∼ 10 6 yr for large probes in high Earth orbits). They can also be an energy efficient way of sending information, since they only have to contact a neighboring planet instead of broadcasting across interstellar space (Rose & Wright 2004) . If one posits replicating probes, then probes may arrive from any society in the Galaxy (and maybe beyond), so that surveys for probes have R 0.8 (Tipler 1980; Armstrong & Sandberg 2013) . But even if all such probes are non-replicating (Sagan & Newman 1983) , the surveys can be effective as long as societies send them to ∼ 10 3 stars (as in Bracewell 1960 ). It's still not certain whether interstellar travel is feasible, but some fairly plausible projects have been proposed, including the recent Breakthrough Starshot 7 , although the proposed vessels generally do not stop in the destination system (Crawford 1990 ; one futuristic exception is Forward (1984) ). However, searches for the artifacts of interstellar travelers in the Solar System remain a relatively unexplored avenue of SETI (reported observations include Freitas 1983; Steel 1995; theoretical discussions include Arkhipov 1995 theoretical discussions include Arkhipov , 1996 Tough & Lemarchand 2004; Haqq-Misra & Kopparapu 2012; Davies 2012) .
There may be some other traces on alien home planets that could remain visible for relatively long times.
Perhaps one could search for signs of widescale pollution (Whitmire & Wright 1980; Lin et al. 2014; Stevens et al. 2015) or signs of geoengineering (Ćirković & Cathcart 2004; Lacki 2016) . The feasibility of these methods has not been studied much, though.
5. DISCUSSION
What if the Universe is not infinite?
I have assumed that the Universe is essentially infinite, so that the likelihood of our existence is 1. However, multiverse scenarios have their own problems. Aside from the difficulty in testing them, there is the measure problem, which is an uncertainty about how to assign probabilities in an infinite Universe. Naive extrapolations of the current ΛCDM cosmology imply that most observers, even those with our exact memories, are Boltzmann brains produced by thermal fluctuations of the cosmological event horizon (e.g., Dyson et al. 2002; Albrecht & Sorbo 2004; de Simone et al. 2010) . A short-lived Universe can end before many Boltzmann brains appear, though (Page 2008) .
If the Universe is small, though, we have to contend with at least two unknown parameters: the true number of birthsites in the universe N ⋆ and P ETI . We could then codify our uncertainty with a joint prior d 2 P prior /(dN ⋆ dP ETI ). The joint prior can be integrated to find the marginal prior describing our prior belief in P ETI alone:
Likewise, the marginal prior on N ⋆ is
Observable Universe W e a k A n t h r o p i c b o u n d
Plausible entropy bound Figure 6 . A joint prior on ln ln N⋆ and Π is constrained by observations of the Universe's size, thermodynamic lower bounds on the probability of life evolving (Weak Copernican Principle), and our own existence (Weak Anthropic Principle). We are isolated if the true values of P ETI and N⋆ lie above and to the left of the heavy dash-dotted line.
There would be a few obvious bounds on these parameters, as indicated in Figure 6 . The minimum size of the Universe is constrained by observation, and there are lower limits on P ETI from bounds on the entropy of living systems. If we presume that we are the result of a stochastic process, the inferential Weak Anthropic Principle becomes the observation that the probability of our own existence is L(≥ 1 society|P ETI ) ≈ 1 − exp(−P ETI N ⋆ ). Using this likelihood in Bayes' Rule essentially removes the weight from possibilities where P ETI N ⋆ ≪ 1, while leaving intact the weight where
How one would implement such a joint prior is unclear, however. The simplest method might be to start out with a constant probability density everywhere, after transforming to the variables Π and ln ln N ⋆ (Figure 7, left panel) . After applying the inferential Weak Anthropic Principle, the joint density remains constant for values where P ETI N ⋆ ≫ 1. Unfortunately, the resulting marginalized PDFs are no longer flat in Π and ln ln N ⋆ -the log log prior described in this paper no longer applies to P ETI . Instead, we would favor scenarios where the Universe is large. Independently, we would favor scenarios where P ETI is big. We would not favor scenarios where both N ⋆ and P ETI are big simultaneously, though. If we ever do discover aliens (red lines in Figure 7 ), the marginalized PDF on ln ln N ⋆ would suddenly become flat, because all values of N ⋆ are com- Figure 7 . A uniform joint prior and the marginalized priors on Π and ln ln N⋆ derived from it. A joint prior with constant density favors belief in large P ETI or large N⋆ after marginalization. The red line demonstrates the effect of a detection by SETI, while the dashed grey lines demonstrate the effect of proof that we are isolated.
patible with abundant aliens. Proof that we are isolated (dashed gray lines) moderately increase our belief in big Universes.
Another possibility would be to decree that the log log prior on P ETI alone must be correct. The joint prior would be more heavily weighted for small P ETI (darker shading in Figure 8 , left panel) so that the marginalized prior for P ETI matches the log log prior. This scheme heavily weights scenarios where the Universe is large, since only a large Universe is consistent with our existence if P ETI is small and our evolution is random. As with the uniform joint prior, discovering aliens flattens the marginal prior for ln ln N ⋆ , while proving our isolation increases our belief that ln ln N ⋆ is large.
Or we could decree that the marginal prior for ln ln N ⋆ is constant, and place more weight in scenarios where ln ln N ⋆ is small (Figure 8, right panel) . Now the marginalized prior on Π is skewed to favor large P ETI . SETI surveys would have interesting effects on the marginalized PDF for the Universe's size. If we discovered aliens, the marginalized PDF for ln ln N ⋆ would have a sharp peak near its lower limit because of the prior's weighting. Proving we are isolated leads to a sharp fall-off near the lower limit, while slightly increasing our confidence in a big Universe.
Hence, implementing the joint prior involves somewhat arbitrary decisions about how to weight it. One could probably consider more complicated schemes, like Figure 8 . Comparison of joint priors with different weights, and their derived marginalized priors on Π and ln ln N⋆. Darker blue shading indicates a heavier joint prior density. If the joint prior density is scaled so that the marginalized Π prior is flat in Π (left), then a large Universe is strongly favored. If the joint prior density is instead scaled so that the marginalized ln ln N⋆ prior is uniform in ln ln N⋆ (right), a large P ETI is strongly favored. The red line demonstrates the effect of a detection by SETI, while the dashed grey lines demonstrate the effect of proof that we are isolated.
having a flat prior in the number of intelligent species in the Universe. Unless the marginalized prior on P ETI was specifically forced to be the log log prior, the log log prior used in the other sections no longer applies.
Aside from these practical difficulties, there is the philosophical issue of what counts as the Universe. Some alternatives to inflationary cosmology are effectively multiverses in that they have an infinite number of places to live (Rubenstein 2014) . For example, ekpyrotic cosmologies posit that the Universe's evolution is basically cyclic, lasting an infinite time but being occasionally reset by some process (Steinhardt & Turok 2002) . Because birthsites can be defined temporally, the endless lifespans of the Universe in these scenarios still provide an endless number of chances for life and intelligence to evolve, as long as P ETI does not change between cycles. Even if we had proof that the Universe was finite in space and time, the many worlds interpretation of quantum mechanics still could guarantee our existence if it's true, since each branch of the Universe's wavefunction is as real as the others, and would seem real to its inhabitants (Tegmark 2014) . As long as we evolve on any branch of the wavefunction, the Weak Anthropic Principle applies. The correct interpretation of quantum mechanics may never be proven experimentally, so the question of whether the Universe is small or big may always be metaphysical.
The diversity of ETIs
A curious aspect of the log log prior is that it suggests that there is a combinatorially high number of possible intelligent species, of order ∼ 10 10 9 . This should be true as long as ln P ETI −S genome , and if the possible genome sequences are even remotely equiprobable. Then the number of possible intelligent species N ETI is roughly given by ln N ETI ≈ S genome − ln P ETI .
I estimated S genome ≈ 4 × 10 9 in Section 3.3. According to the log log prior, using the genome entropy bound, we generally expect ln P ETI to be several orders of magnitude below 4 × 10 9 , so ln N ETI ≈ 4 × 10 9 . This conclusion can be avoided if there are a few species (presumably including Homo sapiens) that are extreme attractors in genome space. The odds would have to be heavily skewed in favor of these species, with them being ∼ 10 10 9 times being more likely than the mean probability over genome space, to affect the estimate of ln N ETI , though.
If lifeforms are distinguished only by their proteomes, then we can use the proteome entropy to estimate the number of distinct types of intelligent life:
Using the proteome entropy in the log log prior implies ∼ 10 10 smaller than the number of distinct species, this is still a vast number. Most "types" would then consist of exp(ln N species ETI − ln N proteome ETI ) ≈ 10 10 9 species of intelligent life, distinguished by their non-coding DNA and the order in which the genes are coded. These enormous numbers are a natural result if not all of the information in the genome or proteome is relevant for the development of intelligence. Even if intelligent species must be basically humanoid, would their development depend on the presence of hair, the number of fingers and vertebrae, having the same taste receptors as humans, much less the structure of every enzyme? If not, then there are an exponentially large number of species possible from all the combinations of non-vital traits. If evolution is contingent, then the odds that intelligence evolved on Earth might be like the odds that a tornado passes through a given location on a given day. The weather is a highly chaotic system and contingent; a single stray gust of wind just a few weeks before would completely change the weather. It doesn't follow that every last eddy in the planet's history is necessary for there to be a tornado at that location. If history were changed, new opportunities could arise; a breeze that in our history would have inhibited the tornado could have helped create a different one if that stray gust of wind happened. While it's probably true, as Gould famously said, that "Homo sapiens is an entity, not a tendency" (Gould 1989) , intelligence is probably a panoply, not an entity. Whether or not it's also a tendency is an empirical question.
8
These estimates say nothing about the phenotypes of possible alien intelligences. They could have radically different biochemistries, or they could look identical to humans while remaining a completely different species genetically.
Small probabilities and the Fermi Paradox
The power of the Fermi Paradox is that it bends the argument from large numbers -usually taken to be the strongest argument in favor of aliens -against the existence of aliens. Our being alone among the trillions of planets in the observable Universe requires an incredibly small P ETI . But the existence of trillions of technological societies in the observable Universe requires that the probability that they spread into space is incredibly small. The beyond astronomically small probabilities considered in this paper might undermine both arguments, though. Just as a log log prior encompasses tiny f l f i , a modified version could accommodate tiny f c .
One possible "filter" between developing technology 8 Gould himself made this point in Gould (1987) .
and achieving starflight is a standoff involving nuclear weapons (as in Sagan & Newman 1983 Maybe those actions were themselves flukes -a rare fluctuation in the thermal noise of someone's brain might be amplified into an otherwise unlikely stray thought that in turn stays someone's hand during a nuclear crisis.
If that was what happened, then the nuclear filter could be essentially absolute. There are other possible filters. In analogy with there being an unknown number N of conditions necessary for intelligent life to arise, we may face an unknown number N of future crises before we attain starflight and cosmic engineering. If those crises are independent, and if the probability that a society survives each are of order 1/2, then the odds of a society achieving starflight could easily be smaller than 10 −21 if N 70. A philosophical observation known as the Doomsday Argument appears to support to hypotheses that the odds are against anyone attaining starflight. The basic idea, a kind of temporal Copernican Principle, is that it's unlikely that we are among the very first humans to have every lived, so the total number of humans who will ever live must not be many trillions (Gott 1993) . It is a counterweight to Hart (1975) 's formulation of the Fermi Paradox: an interstellar society could expand across its home galaxy at least, embracing billions of stars and many trillions of people. Knobe et al. (2006) used similar reasoning to make a Universal Doomsday Argument: because interstellar societies are so big, they would dominate the population of all sapient observers unless they were extremely rare. Unless we are incredibly atypical, the population of the Universe cannot be concentrated into starfaring societies; thus, the fraction of technological societies that spread across interstellar space is negligible (Knobe et al. 2006) .
The Doomsday Argument itself is extremely contentious, though. Obviously it is wrong for some people in the history of humanity, so it's not inconceivable that it's wrong for us (Tarter 2007) . Another response is the Self-Indication Assumption, which states that we should favor hypotheses that predict a larger number of observers (Olum 2002) . It is a bit like the causal Weak Anthropic Principle: the probability that we exist is larger if the Universe has more opportunities for us to exist. This assumption has its own problems, as it allows essentially zero prior weight on the idea that the Universe is small (e.g., Bostrom &Ćirković 2003) . Overall, the debate around both the Doomsday Argument and the Self-Indication Assumption arises from problems similar to those of the flat log prior for P ETI . Each suppresses the prior weight for some entirely reasonable sounding hypothesis -star travel being possible, our not living in a vast multiverse, or our not being isolated -by factors of billions at least, so that no actual evidence could ever persuade us otherwise (c.f., Olum 2002; Bostrom &Ćirković 2003) .
Our own future evolution, at least, has some important differences with the evolution of life and intelligence. Most importantly, we have goals, whereas natural evolution does not. We can also anticipate future crises. Future crises are not necessarily independent of each other, either; many of the crises may involve fundamentally similar problems, like scarcity. Nor is it clear that there always are bottlenecks. For example, the nuclear standoff during the Cold War may not have been inevitable in our own history (Rhodes 1986) , much less in alien societies. Furthermore, like life in general, societies can be robust. If one didn't know the history of life on Earth, one might conclude its survival for billions of years is nigh impossible given how many crises could arise. But it has survived that long simply by being so resilient, and while this may be a fluke that we observe due to the Anthropic Principle (Ćirković et al. 2010 ), this is not generally thought to be the case.
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On the other hand, if one does accept the thesis behind the Fermi Paradox, the log log prior actually strengthens its power. As noted in Section 4, the Milky Way encompasses 80% of the prior's weight for crowded Universe scenarios, and about half is for P ETI 10 −4 . Definitive evidence for our being alone in the Galaxy is then good evidence that we are alone in the observable Universe, with P crowded cut to ∼ 0.2 × 0.2 ≈ 4%. The null results from searches for Type III societies reduce the P crowded estimates further, subject to systematic uncertainties about these surveys' grasp.
The prior applied to exolife and other complex phenomena
The main ingredients plugged into the log log prior, the number of birthsites and the bound on entropy, are very generic. Similar priors could be constructed for any potentially rare, complex phenomenon, including life itself. Indeed, the origin of life has been proposed to be the limiting factor for P ETI (Conway Morris 2003) , in which case the log log prior for intelligence is the log log prior for life. The protocell chemical entropy provides a plausible but very conservative lower bound on the probability that life arises. As shown in Table 2 , the log log prior then implies a 15% credibility that life has arisen on another planet in the Universe. In coming decades, it may be possible to identify signs of life on the nearest exoplanets (Seager 2014) , suggesting a test of the log log prior: we should never find any signs of independent life on any exoplanet. This is a very weak test, though, as the credibility for lifeless neighbor planets is only 85%.
On the other hand, favorable probabilities for life's appearance may come from applying the timing of its origin on Earth to the log log prior (Lineweaver & Davis 2002) . Suppose the early Earth had many birthsites, appearing at a rate of Γ birth . Assuming that there was a duration ∆t 1 between when life could have started and when it did (Spiegel & Turner 2012) , the Earth had N birth = Γ birth ∆t 1 birthsites before life got started. The expected rate that life appears during the window is Γ life = P life Γ birth , where P life is the probability that a birthsite generates life (as in Scharf & Cronin 2016) . For an upper limit on Γ birth , I take the mass of the Earth's hydrosphere and apply the ML98 bound. The specific internal energy of liquid water at 300 K and standard pressure 11 is 740 J g −1 , for a total ∆E of 1.3×10 34 erg, a maximum Γ birth of 4 × 10 60 s −1 , and a maximum N birth of 1.2 × 10 77 (∆t 1 /Gyr). Spiegel & Turner (2012) demonstrate how a prior is affected by the timing of life's appearance. Roughly speaking, we can group Γ life into two categories: a fast case when Γ life (∆t 1 ) −1 and a slow case Γ life (∆t 2 ) −1 . In the slow case, ∆t 2 describes the window that life could have appeared while still allowing intelligent life to evolve by now; because of the very weak dependence of Π on N birth from the double logarithm, I replace it with ∆t 1 for simplicity. Then, the posterior probability that life appears quickly is 
where B is the Bayes' factor 12 , the ratio of likelihoods for the slow and fast cases. In their "optimistic" case, B = 15 and ∆t 1 = 0.2 Gyr. The log log prior, however, starts out disfavoring the fast case, which has a prior probability ln[1 + ln N birth ]/ ln[1 − ln P min ]. For the protocell entropy P min and the maximal birthsite rate calculated above, this is 19%.
The optimistic case of Spiegel & Turner (2012) then gives P posterior fast ≈ 78%. That value weakly supports the conclusion of Lineweaver & Davis (2002) that life emerges quickly on planets. Yet the "conservative" cases of Spiegel & Turner (2012) merely increase P fast to 20%. Furthermore, Γ birth is probably much lower than the maximum value. In principle, N birth ≈ 1, for which P prior fast ≈ 2% and P posterior fast ≈ 20% in the optimistic case. The key improvement is that the log log prior has welldefined bounds -if B definitely exceeds 100 then it does favor rapidly appearing life even for ln N birth ≈ 1, unlike the logarithmic prior, which can have an arbitrarily small normalization (Spiegel & Turner 2012) .
One potential problem with applying the log log prior to different complex phenomena indiscriminately is that these phenomena may be dependent on one another. The evolution of intelligent life on a planet happens only if life appears on the planet first. One can posit a whole chain of dependent phenomena of increasing rarity: life, complex multicellular life, intelligent life, humanoid intelligences, Homo sapiens, humans that share your exact memories, and chemically identical versions of you. Properly constraining the probability of each step would require the construction of a joint prior on the probability of each step happening. The marginalized prior density for each step would then no longer be a log log prior. Generally, the Bayesian expectation for the probabilities of earlier steps would be higher than with a simple log log prior (c.f. Section 5.1).
A stronger test of the log log prior than exolife alone may be to check whether known astrophysical phenomena are evenly distributed in Π. For example, if our past light cone contains N kinds of stellar phenomena, about N/2 should be expressed in a random sample of ∼ 10 3 stars over their lifetimes. Distinct phenomena might be classified according to criteria proposed by Harwit (1981) .
SUMMARY
The log log prior is a plausible framework for evaluating evidence for or against alien societies. It can be justified from the uncertainty in the number of constraints that need to be fulfilled for intelligence to evolve, and it can be phrased in terms of entropy differences, information, or state space dimensionality. The main advantage of the log log prior is that it can accommodate a great range of P ETI , from e −3×10 122 to 1. Unlike a flat log prior, it responds to observations even in the face of possible systematic errors. The potential for systematic errors is inevitable for any realistic experiment. The log log prior can provide a guide for measuring the relative power of SETI surveys.
Essentially by design, the log log prior is not all that profound in its content. It basically is just the statement that, for all we know, P −1 ETI could be 1, 10 1 , 10 10 , 10 100 , 10 1,000 , 10 10,000 , 10 100,000 , 10 1,000,000 , 10 10,000,000 , 10 100,000,000 , or 10 1,000,000,000 , so we might as well consider any of those values as an equally valid possibility (using P min = 10 −10 9 here as an example). The calculations of P crowded just amount to the observation that for the first three of those values, we're not isolated, while for the others, we are, so the odds that we're isolated are a few to one. The prior can even be summarized in nonBayesian terms: we are very uncertain about the number of factors that contribute to intelligence's evolution, so we are very, very uncertain about the probability that it happens.
What is new is simply the emphasis placed on each value. A flat log prior amounts to the statement that, for all we know, P −1 ETI could be 10 0 , 10 1 , 10 2 , and so on, through 10 999,999,998 , 10 999,999,999 , or 10 1,000,000,000 , so we might as well consider any of those values as an equally valid possibility. But this inherently implies a belief that log 10 P ETI ∼ 10 −9 with near certainty. It tacitly implies that we are virtually certain that we are isolated. Or, in non-Bayesian terms, we are a bit uncertain about the number of factors that contribute to intelligence's evolution, and we are very uncertain about its probability, but we are quite sure it's small.
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It is important to remember that the prior is a Bayesian probability, measuring our confidence about the abundance of ETIs, whereas P ETI is a frequentist probability, an intrinsic feature of birthsites. While I estimate a ∼ 15-20% (Bayesian) credibility that there are other intelligent species in the observable Universe, for almost all P ETI , the frequentist probability P(isolated|P ETI ) that we're isolated is almost always ∼ 0 or ∼ 1. Conversely, the fact that this frequentist probability is probably ∼ 0 or ∼ 1 does not mean we should be confident about whether or not we can contact aliens. Just because there are ∼ 10 21 planets in the observable Universe, it does not follow that there must be ETIs among them, because we are not totally confident that P ETI 10 −21 . And even if the evolution of intelligence depends on a vast number of contingent 13 We could do much worse still, though, with an flat inverse prior (Spiegel & Turner 2012) . This would be the statement that P −1 ETI could be 1, 2, 3, ..., 10 1,000,000,000 − 2, 10 1,000,000,000 − 1, or 10 1,000,000,000 so we might as well consider any of these values as an equally valid possibility. Now one would be nearly certain that 10 −1,000,000,000 ≤ P ETI 10 −999,999,998 , far too precise to be realistic. events, it does not follow that we must be alone, because we are not confident that there are just a few ways for intelligence to evolve.
According to the log log prior, we should approach SETI with a degree of agnosticism about whether there are aliens in the observable Universe. Despite that, the prior consistently leans towards mild skepticism about their presence. I find that the most realistic bound on P min , the genome entropy, implies that P crowded ≈ 18%. Even with the most optimistic assumptions, with the maximal number of birthsites possible and using the protein shape entropy to bound P min , P crowded ≈ 47%. Of course, P isolated is quite far from the traditional 95% credibility threshold for a conclusion. A positive detection would be one of the most profound discoveries ever. This epochal potential more than offsets the relatively moderate risks for the relatively low spending on SETI. Still, it does mean the null results from SETI are not surprising. The "Great Silence" is an expected result of the log log prior.
The log log prior is not without its own issues. Most importantly, it's not clear how to define a "birthsite". Should it refer to an entire planet, or maybe something smaller, like a speciation event? If we use a large body as a birthsite, we should account for the possibility that life or intelligence arises an unknown, possibly large number of times. If we use common events as birthsites, which is appropriate if P ETI depends on the time a habitat is hospitable, then they almost certainly interact with one another, making it difficult to calculate the number of ETIs expected. The issue is related to the subjective decision about how to handle values of P ETI near 1, where ln | ln P ETI | itself diverges. I chose to use the auxiliary variable Π = ln(1 + ln P ETI ), but this is not the only possible choice. The prior is also slightly affected by the choice of the base of the inner logarithm.
The other main issue is which value of P min to use. The cosmological entropies ideally should be absolute bounds. Yet they are not totally robust. The entropy within the particle or event horizons increases without bound in cosmologies without dark energy or if w > −1, although it takes ∼ 10 40 years for this to seriously affect the estimates of P crowded . Within the ΛCDM cosmology, observers living more than ∼ 100 billion years in the future may not be aware there is a cosmological event horizon (Krauss & Scherrer 2007) . Furthermore, while well motivated, the entropy of the cosmological horizons and Bekenstein-like bounds in general are not empirically proven. On smaller scales, we could use the chemical entropy of an organism or a planetary biosphere to limit P min . However, P ETI values as small as these P min essentially imply that we are Boltzmann brains, in which case none of our reasoning can be justified. Even the larger P min associated with the protocell entropy is compatible with strange evolutionary histories, such as those where life is juggled across the worlds of the Solar System, or even different star systems entirely.
Values of P min as small as those considered in this paper implicitly require that the Universe is very large if our evolution is a stochastic process. Multiverse theories face the measure problem (e.g., Albrecht & Sorbo 2004 ) and may not be testable. If one favors a small Universe, one can set up a joint prior on the size of the Universe and P ETI , but then the marginalized prior on P ETI alone is not the log log prior anymore unless the weighting is uneven. Additionally, the Universe would have to be small in time as well as space, disallowing cyclic cosmologies. Furthermore, the many-worlds interpretation of quantum mechanics cannot hold if the Universe is small (Tegmark 2014 ), but we may never know whether or not it is true.
As frequently acknowledged, P ETI itself is not the only factor determining whether we will ever find an alien society (Sagan 1963 (Sagan , 1973 Bates 1978; Forgan & Nichol 2011) . SETI surveys are only constraining if we look for traces that are physically possible, commonly produced by technological societies, and last a long time. The weighted reach of current SETI surveys, the number of targets they look at, is quite good according to the log log prior (Table 4) . Their grasps, however, the amount of prior weight they can constrain after considering the effectiveness of the survey method, are debatable. Current methods are haunted by the potentially short lifespan of radio or optical broadcasting, or by systematic uncertainties about whether megastructures are physically and socially plausible. ISearches for small probes in the Solar System may be an effective way to proceed, because they last so long and seem fairly feasible. The log log prior suggests that the probes do not have to be self-replicating, sweeping through the Galaxy ravenously, for this to be an effective tracer.
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